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Alzheimer disease (AD) is a neurodegenerative disorder characterized by the accumulation 
of Aβ peptide and hyperphosphorylated Tau protein. Mitochondrial dysfunction and oxidative 
damage have been previously reported not only in the vulnerable regions of affected brain but also in 
peripheral cells in the disease. Autophagy has been demonstrated to play a fundamental role in AD 
related proteinopathy. Moreover, anomalies at different levels of autophagy pathway have been 
described suggesting that autophagy failure might be considered an early event of the disease. 
Therefore, the aim of this work was the study of autophagy pathway besides mitochondrial recycling 
process in human cellular models of both familial and sporadic types of AD.  
The overexpression of APP in human fibroblasts demonstrated an activation of autophagy 
flux due to an enhanced degradation phase correlating with higher lysosomal activity. Increased 
mitochondrial content revealed a defect in mitophagy due to defective labeling of damaged 
mitochondria by PARK2. The addition of Tau to APP overexpression model aggravated the mitophagy 
dysfunction leading to unachievable recovery of mitochondrial membrane potential after an insult 
that resulted in the further accumulation of dysfunctional mitochondria labeled by PINK1.  
The study of fibroblasts derived from familial AD patients associated to presenilin mutation 
revealed a deregulation of autophagy degradation phase correlating with lysosome acidification 
deficiency leading to accumulation of autophagic vesicles. This resulted in a mitochondrial recycling 
failure that caused the accumulation of mitochondria and PARK2. Worsened mitophagy dysfunction 
was observed in neurons derived from induced pluripotent stem cells harboring the same presenilin 
mutation triggering increased accumulation of mitochondria, PARK2 and PINK1. 
Fibroblasts derived from sporadic AD patients demonstrated compromised mitochondrial 
dynamics and function as well as deficient autophagy induction and lysosomal anomalies resulting in 
the accumulation of oxidized and ubiquitinated proteins. Mitophagy impairment has been proven in 
these cells due to diminished PARK2 recruitment that caused the accumulation of depolarized 
mitochondria and PINK1. Patients’ hippocampal samples at early stages of the disease exhibited 
similar mitophagy alterations showing abnormally increased mitochondrial content together with 
accumulation of PINK1. 
Overexpression of PARK2 in sporadic AD fibroblasts diminished ubiquitinated proteins 
accumulation, improved its targeting to mitochondria and potentiated autophagic vesicle synthesis 
allowing the reversion of mitophagy failure. This suggests that autophagy enhancement is a powerful 
therapeutic strategy. 
Our findings indicate that, although there are differences in the deregulation pattern of the 
mitochondrial recycling process in sporadic and familial AD models, both converge in the same 








La enfermedad de Alzheimer (EA) es un trastorno neurodegenerativo caracterizado por la 
acumulación del péptido Aβ y la proteína Tau hiperfosforilada. Se ha demostrado un fallo en la 
función mitocondrial así como un daño oxidativo no solo en las regiones afectadas en el cerebro si no 
en células periféricas en la enfermedad. Se han descrito anomalías en las diferentes etapas de la 
autofagia sugiriendo que la insuficiencia autofágica podría ser considerada un evento temprano de la 
patología. Teniendo en cuenta estos antecedentes, el objetivo de este trabajo fue el estudio del 
proceso de autofagia así como el mecanismo de reciclaje mitocondrial en modelos celulares humanos 
tanto de la forma familiar como esporádica de la EA.  
La sobreexpresión de APP en fibroblastos humanos demostró una activación de la fase 
degradativa de la autofagia en correlación con una mayor actividad lisosomal. El incremento del 
contenido mitocondrial reveló un defecto en mitofagia debido a un incorrecto marcaje de 
mitocondrias dañadas por PARK2. La adición de Tau al modelo de sobreexpresión de APP agravó la 
disfunción en mitofagia que se reflejó en la falta de recuperación del potencial de membrana, lo que 
provocó una mayor acumulación de mitocondrias no funcionales marcadas con PINK1.  
El estudio de fibroblastos de pacientes de EA familiar asociados a una mutación en 
presenilina mostró una desregulación de la fase degradativa de la autofagia en correlación con una 
incorrecta acidificación de los lisosomas, lo que resultó en la acumulación de vesículas autofágicas. 
Esto provocó un fallo en el reciclaje mitocondrial que causó la acumulación de mitocondrias y 
PARK2. Las neuronas derivadas de células madre pluripotentes inducidas (iPSC) con la misma 
mutación en presenilina presentaron un empeoramiento del proceso de mitofagia que conllevó a un 
aumento de la acumulación mitocondrial, PARK2 y PINK1.  
Los fibroblastos derivados de pacientes de EA esporádica manifestaron una dinámica y 
función mitocondrial menoscabada, así como una inducción de autofagia deficiente unida a 
anomalías lisosomales, dando como resultado la acumulación de proteínas oxidadas y ubiquitinadas. 
En estas células se demostró un deterioro en mitofagia debido a un menor reclutamiento de PARK2 
que causó la acumulación de mitocondrias despolarizadas y PINK1. Muestras de hipocampo de 
pacientes en etapas tempranas de la enfermedad presentaron alteraciones similares en mitofagia con 
acumulación anormal de mitocondrias y PINK1.  
La sobreexpresión de PARK2 en fibroblastos de EA esporádica generó una disminución de los 
niveles de proteínas ubiquitinadas, mejoró su reclutamiento a la mitocondria, además de potenciar la 
síntesis de vesículas autofágicas permitiendo la reversión del defecto en mitofagia. Esto sugiere que 
la mejora del proceso de autofagia es una poderosa estrategia terapéutica.  
Nuestros resultados indican que, aunque existen diferencias en el patrón de desregulación 
del proceso de reciclaje mitocondrial en los modelos esporádicos y familiares de la EA, ambos 











































1. Alzheimer Disease 
Alzheimer disease (AD) is a progressive and fatal neurodegenerative disorder and the 
leading cause of dementia accounting for 50–70% of cases. Due to the fact that the primary risk 
factor for AD is old age, the prevalence of the disease is increasing dramatically with progressive 
ageing of population in developed countries. The World Alzheimer Report revealed that over 46 
million people worldwide live with dementia in 2015 and this number will almost double every 20 
years.  
AD was first described by Alois Alzheimer in 1907 (Alzheimer et al, 1995), and it is 
manifested by cognitive and memory deterioration, progressive impairment of activities of daily 
living, as well as a variety of neuropsychiatric symptoms and behavioral disturbances (Cummings, 
2004).  
AD is classified in two different types: familial Alzheimer disease (FAD) and sporadic 
Alzheimer disease (SAD). FAD is early-onset AD (<65 years) and genetically heterogeneous with 
autosomal dominant inheritance (Tanzi et al, 1996). Only less than 5% of AD cases can be related to 
mutations in Amyloid beta (Aβ) precursor protein (APP) located in chromosome 21, Presenilin 1 
(PSEN1) in chromosome 14 and Presenilin 2 (PSEN2) in chromosome 1 (Rademakers et al, 2003). 
SAD or late-onset AD (>65 years) which accounts for more than 95% of cases, is a multifactorial 
disease where several genes are implicated in increasing the risk as well as environmental 
factors. Undoubtedly, the main risk factor is aging since the incidence of AD increases exponentially 
from 65 years (Jicha et al, 1999; Kawas & Corrada, 2006; Kukull et al, 2002). Moreover, it has been 
described different types of lifestyle risk factors such as smoking, hypertension, obesity, 
atherosclerosis, hypercholesterolemia, previous brain injury or diabetes mellitus type II (Carlsson, 
2010; de Toledo Ferraz Alves et al, 2010; Fotuhi et al, 2009; Schmidt et al, 2001). On the other hand, 
the polymorphic apolipoprotein E (apoE) gene confers susceptibility to develop the disease. The 
apoE4 allele is the largest known genetic risk factor for late-onset SAD in a variety of ethnic groups in 
contrast to apoE2 and apoE3 alleles (Coon et al, 2007; Corder et al, 1993; Raber et al, 2004; 
Strittmatter et al, 1993).  
The confirmed diagnosis of AD requires the presence of two major neuropathological lesions: 
accumulation of extracellular amyloid beta (Aβ) senile plaques and intracellular microtubule-
associated protein Tau (MAPT/Tau) neurofibrillary tangles. These structures are normally visible at 
the patient autopsy although increasing efforts has been made to develop techniques that allow their 
identification in vivo (Fodero-Tavoletti et al, 2011; Klunk et al, 2004). However, it is widely accepted 
that Alzheimer is a silent neurodegeneration where neuronal damage occurs before the diagnosis, 






1.1 APP & amyloid plaques 
Amyloid precursor protein (APP) is an integral membrane protein expressed in various 
organs and tissues which belongs to a larger evolutionarily conserved APP superfamily found in 
diverse organisms from nematode to mammals. Although still not fully understood, the role of APP in 
normal functioning of the brain and other organs had been intensively studied. The protein sequence 
analysis of the APP superfamily members strongly suggests that the normal function of APP relates to 
cell–cell interaction and cell–substrate adhesion (Coulson et al, 2000; Soba et al, 2005). Moreover, it 
has been implicated as a regulator of synapse formation (Priller et al, 2006), neural plasticity (Turner 
et al, 2003), iron export (Duce et al, 2010) and hormonal regulation (Gallego et al, 2010; Porayette et 
al, 2009). However, there are some data suggesting that membrane localization and processing of 
APP in neurons differ from those in peripheral cells (e.g. lymphoid cells, hepatocytes or kidney) 
which suggests that functioning of this transmembrane holoprotein and production of Aβ in the brain 
is a critical determinant of its receptor-transducer properties unique to this organ (Jung et al, 1996). 
The Aβ senile plaques are extracellular deposits mainly composed by Aβ peptide crucially 
involved in Alzheimer disease but also shown in brains of advance age (Dickson et al, 1992; Morris et 
al, 1996; Wolf et al, 1999), without evidence of a cognitive deficit associated with their presence 
(Aizenstein et al, 2008; Katzman et al, 1988; Rowe et al, 2007). The peptides result from 
the sequential proteolytic cleavage of APP (Masters et al, 1985), which is proteolyzed by α-, β- y γ-
secretase to yield Aβ. The sequential cleavage of α- and γ-secretase generates a small non-
amyloidogenic peptide of 3 kDa, (Haass et al, 1993; Haass et al, 1992). Consecutive cleavages of β- 
and γ-secretase generates a peptide of 40 or 42 amino acids (Aβ40 or Aβ42), which is released into 
the extracellular space (Selkoe, 2001). Aβ42 is more hydrophobic than Aβ40, and tends to aggregate 
and fold in β-sheet structure, recruiting other extracellular proteins, which could result in the 
formation of senile plaques (Citron et al, 1996; Neve et al, 2000). Mutations associated with FAD, 
both APP and presenilin genes (involved in the activity of γ-secretase), carry out an increased Aβ42/ 
Aβ40 ratio (Selkoe, 2002). Aβ molecules can aggregate to form flexible soluble oligomers which may 
exist in several forms. On the other hand, calcium dysregulation has been observed in cells exposed 
to amyloid oligomers. These small aggregates can form ion channels in planar lipid bilayer 
membranes. Channel formation has been hypothesized to account for calcium dysregulation and 
mitochondrial dysfunction by allowing indiscriminate leakage of ions across cell membranes (Kagan 
et al, 2004). Moreover, studies have shown that amyloid deposition is associated with mitochondrial 
dysfunction and it results in the generation of reactive oxygen species (ROS), which can initiate a 






1.2 Tau & Neurofibrillary tangles  
Tau protein is a microtubule-associated protein (MAP) that under physiological conditions 
regulates microtubules assembly, dynamic behavior, and spatial organization (Drechsel et al, 1992; 
LoPresti et al, 1995). Tau is abundant in neurons of the central nervous system but is also expressed 
at very low levels in astrocytes and oligodendrocytes (Shin et al, 1991). Therefore, modification of 
Tau by phosphorylation or a change in the amount of Tau can result in destabilization of neuronal 
microtubules. This can affect the placement and function of mitochondria, lysosomes, and other 
cellular structures (Avila et al, 2004; Ebneth et al, 1998). Moreover, it is known that autophagosome 
clearance by lysosomes is a microtubule-dependent process (Jahreiss et al, 2008; Matteoni & Kreis, 
1987). Therefore, abnormal function of Tau may disrupt neuronal function including axonal 
transport, which also involves trafficking of autophagic cargos (Yue, 2007)  and lead to the buildup of 
autophagosomes in AD dystrophic neurites or axons (Nixon et al, 2005). 
Neurofibrillary tangles (NFT) are filamentary aggregates of hyperphosphorylated Tau 
protein (Grundke-Iqbal et al, 1986b). It appears within neurons, taking up the perinuclear cytoplasm 
and, after neuronal death, remain in the extracellular space where they are called extracellular 
neurofibrillary or ghost tangles (Braak & Braak, 1991). The NFT are mainly composed by paired 
helical filaments (PHF) and in lower proportion by straight filaments (Hirano et al, 1968). In the 80s, 
the biochemical composition of the PHF was described, composed mainly by the Tau protein 
(Goedert et al, 1988; Grundke-Iqbal et al, 1986a; Kosik et al, 1986; Wischik et al, 1988; Wood et al, 
1986). Further studies revealed that Tau is hyperphosphorylated in the PHF (Grundke-Iqbal et al, 
1986b; Lee et al, 1991; Wolozin et al, 1986). 
2. Mitochondria 
Mitochondria are a double membrane organelle found in most eukaryotic cells. The organelle 
is comprised of two separate and functionally distinct outer and inner membranes that encapsulate 
the intermembrane space and matrix compartments. They also contain a circular genome, 
mitochondrial DNA (mtDNA), that has been reduced during evolution through gene transfer to the 
nucleus. mtDNA is organized into discrete nucleoids in the matrix. 
Mitochondria are cellular energy powerhouses that play important roles in maintaining cell 
survival, cell death and cellular metabolic homeostasis. They perform diverse interconnected 
functions producing ATP and many biosynthetic intermediates while also coordinating cellular stress 
responses such as autophagy and apoptosis (Galluzzi et al, 2012). Mitochondria form a dynamic, 
interconnected network that are intimately integrated with other cellular compartments. In addition, 
mitochondrial functions extend beyond the boundaries of the cell and influence an organism’s 






mitochondrial dysfunction has emerged as a key factor in multiple diseases, including 
neurodegenerative and metabolic disorders.  
2.1 Organization and distribution 
Mitochondria are dynamic organelles that continuously undergo fission and fusion events 
(Fig.1), which are necessary for cell survival as well as adaptation to changing conditions needed for 
cell growth, division, and distribution of mitochondria during differentiation (van der Bliek et al, 
2013). Mitochondrial fusion in mammals is mediated by the fusion proteins mitofusin 1 (Mfn1) and 
mitofusin 2 (Mfn2) and optic atrophy 1 (OPA1) (Ni et al, 2015). Mfn1 and Mfn2 are dynamin-related 
GTPases that are 
responsible for fusion of 
outer mitochondrial 
membranes (OMM). 
OPA1 is also a dynamin-
related GTPase, which is 




like (PARL) and 
paraplegin (an AAA 
protease family present 
in the mitochondrial matrix) induce alternative splicing and alternative processing of OPA1 to 
generate eight OPA1 isoforms (Cipolat et al, 2006; Ishihara et al, 2006). Mitochondrial fission in 
mammals is mediated by dynamin-like protein 1 (DLP1), which is also a large GTPase (Ni et al, 2015). 
DLP1 is a cytosolic protein that can be recruited to the outer mitochondrial membrane to constrict 
mitochondria resulting in eventual division of a mitochondrion into two separate organelles. DLP1 
interacts with four mitochondrial receptor proteins: fission 1 (Fis1), mitochondria fission factor 
(Mff), mitochondrial dynamics protein of 49 kDa (MID49) and 51kDa (MID51) (Loson et al, 2013; 
Palmer et al, 2011). In mammalian cells, it seems that the interaction between Fis1 and DLP1 has a 
minor role in regulating mitochondrial fission whereas the interactions of DLP1 with the other three 
receptor proteins play prominent roles for fission.  Moreover, during cell division, mitochondrial 
fission is essential for separating mitochondria into two daughter cells.  
In addition to fission and fusion, the movement of mitochondria through the cytoskeleton is 
also important for the cellular distribution and turnover of mitochondria (Mishra & Chan, 2014). 
Mitochondria in mammalian cells are mostly transported on microtubules using a kinesin motor 
towards the plus end and a dynein motor towards the minus end of microtubules (Saxton & 
Figure 1. Scheme of the mitochondrial dynamics. A. Mitochondrial fusion.






Hollenbeck, 2012). The attachment of mitochondria to the kinesin motor is regulated by several 
molecular adapters. The adapter protein Milton directly interacts with the outer mitochondrial 
membrane protein Mitochondrial Rho GTPase (Miro) and in turn links mitochondria to kinesin 
(Saxton & Hollenbeck, 2012).  
It has been suggested that mitochondria fission and fusion may serve as important quality 
control mechanisms for preserving mitochondria and are fundamental for the correct distribution of 
the mitochondria in the cell (Detmer & Chan, 2007). This is particularly important for neurons that 
may have very long axons and also for the function of synapses, which are subcellular regions with 
high metabolic requirement (Frazier et al, 2006). Dysfunctional mitochondria may lose their fusion 
capacity by inactivating fusion or activating fission machineries to prevent the damaged 
mitochondria from incorporating back into the healthy mitochondrial network. Daughter 
mitochondria with higher membrane potential (presumably good quality mitochondria) proceed to 
fusion while depolarized daughter mitochondria (presumably bad quality mitochondria) are 
degraded by mitophagy (Twig et al, 2008). On the other hand, although fission plays a pivotal role in 
apoptosis, it has described that inhibition of the mitochondrial fission blocks cell death, resulting in a 
significantly reduced cellular susceptibility toward apoptosis (Frank et al, 2001). 
2.2 Removal of defective mitochondria 
2.2.1 Autophagy 
Autophagy is a stress-induced catabolic process in which components of the cell are 
degraded by the lysosomes (or, in yeast, the analogous vacuole) and recycled (Esclatine et al, 2009; 
Klionsky, 2005). Based on how substrates are delivered to the lysosomal compartment, autophagy is 
classified into three main subtypes: 
 
Chaperone-mediated autophagy (CMA): In CMA, a chaperone protein binds first to its cytosolic 
target substrate and then to a receptor on the lysosomal membrane where the unfolding of the 
protein occurs. The unfolded cytosolic target protein is subsequently translocated directly into the 
lysosome for its degradation (Cuervo, 2010; Massey et al, 2004). 
 
Microautophagy: Microautophagy is a non-selective lysosomal degradative process that 
translocates direct engulfment of cytoplasmic cargo to the lysosome for degradation by either direct 
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hydrolases. Fusion is an extremely regulated process. Most of the molecular effectors that controls 
fusion process are characterized in yeast but there are some articles which revealed some of the 
proteins involved in fusion in mammal cells such as  Rab7, Rab22 y Rab24 (Ganley et al, 2011) as well 
as proteins of SNARE complex such as Vti1b (Fraldi et al, 2010) and Sintaxin 17 (Itakura et al, 2012). 
The ATP-dependent proton pump V-ATPase ensures low intralysosomal pH, which is essential for 
lysosomal hydrolase activity. Based on studies with the V-ATPase inhibitor Bafilomycin A1, 
lysosomal acidification is also thought to be required for fusion with incoming vesicles from the 
autophagic and endocytic pathways (Wang et al, 2014a). The resulting degradation products are then 
transported back into the cytosol through the activity of membrane permeases for reuse (Klionsky, 
2007). Although macroautophagy is generally considered to be nonspecific, there are many examples 
of selective autophagy, including mitophagy (for mitochondria), ribophagy (for ribosomes), 
pexophagy (for peroxisomes) and reticulophagy (for the endoplasmic reticulum, ER) (He & Klionsky, 
2009).  
Among the three main forms of autophagy, macroautophagy is the most widely studied and 
best characterized process. In this thesis, we will focus on macroautophagy process, referred to as 
autophagy and more specifically in mitophagy.  
2.2.2 Mitophagy 
As it referred previously, mitophagy is the selective degradation 
of mitochondria by autophagy. It often occurs to defective mitochondria following damage or stress. 
It promotes turnover of mitochondria and prevents accumulation of dysfunctional mitochondria 
which can lead to cellular degeneration (Lemasters, 2005). There are two different ways to carry out 
the mitochondrial recycling process.  
 
PARK2-dependent mitophagy: One of the best studied mechanisms for mitophagy in mammalian 
cells is the PINK1–PARK2-mediated mitophagy pathway (Ding & Yin, 2012; Youle & Narendra, 2011). 
The PARK2-dependent mitophagy pathway has been shown to require both PARK2 and PINK1 
proteins. PARK2 RBR E3 ubiquitin protein ligase (PARK2) is a cytosolic E3 ubiquitin l ligase that 
translocates to depolarized mitochondria and initiates their degradation via mitophagy (Narendra et 
al, 2008).  
 
Molecular regulation of PINK1: PTEN induced putative kinase 1 (PINK1) is a mitochondrial 
serine/threonine kinase. Levels of PINK1 are normally undetectable in most cells because PINK1 is 
cleaved in the mitochondria and then degraded by mitochondrial peptidases. However, PINK1 turned 
out to be accumulated in depolarized mitochondria rapidly (Narendra et al, 2010b; Vives-Bauza et al, 
2010), suggesting that PINK1 is subjected to a posttranslational degradation (Fig.3). Several studies 
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phospho-ubiquitin activates PARK2 E3 ubiquitin ligase activity through a feed-forward mechanism 
(Kane et al, 2014; Koyano et al, 2014).  
 
PARK2 activation and mitophagy initiation: Once recruited to the mitochondria, PARK2 ubiquitinates 
several mitochondrial outer membrane proteins including the mitochondrial fusion proteins Mfn1 
and Mfn2, Miro, translocase of outer mitochondrial membrane 20 (TOMM20), and voltage-dependent 
anion channel 1 (VDAC1) to initiate mitophagy. Ubiquitination and proteasomal degradation of Mfn1 
and Mfn2 results in mitochondrial  fragmentation. Following PARK2-mediated ubiquitination of 
outer mitochondrial membrane proteins, the selective autophagy adapter protein p62/SQSTM1 
(Sequestosome 1) is recruited to mitochondria and play a role in mitophagy due to its capacity to 
directly interact with LC3 via its LC3 interacting region (Geisler et al, 2010; Huang et al, 2011; Manley 
et al, 2013). However, it seems that the role of p62 in mitophagy is not essential, likely due to the 
presence of other compensatory or redundant similar autophagy receptor proteins (Narendra et al, 
2010a; Okatsu et al, 2010). Interestingly, it was recently found that optineurin, another autophagy 
receptor protein, was also recruited to ubiquitinated mitochondria via its ubiquitin binding domain 
after PARK2 activation on mitochondria. Optineurin induces autophagosome formation around the 
damaged mitochondria by recruiting double FYVE-containing protein 1 and LC3 to damaged 
mitochondria (Wong & Holzbaur, 2014). In addition, PARK2 also recruits Ambra1 (a Beclin-1 
interacting protein) to depolarized mitochondria to initiate engulfment of damaged mitochondria by 
autophagosomes (Van Humbeeck et al, 2011). 
 
PARK2-independent mitophagy: Although the goal of this thesis is focused in PARK2-dependent 
mitophagy is necessary to note that increasing evidence supports that mitophagy can occur 
independent of PARK2. Several autophagy receptor proteins have been shown to localize on 
mitochondria and interact with LC3 to recruit autophagosomes to damaged mitochondria including 
Bcl2/adenovirus E1B 19 kDa protein-interacting protein 3, NIX (also called BNIP3L), Fun14 Domain 
containing 1 besides other mitochondrial E3 ligases such as SMURF1.  
3. Mitochondrial dysfunction & AD 
3.1 Oxidative stress production 
Oxidative stress is a primary event in the development of AD (Bonda et al, 2010a). This 
oxidative stress may be due to the presence of dysfunctional mitochondria resulting in generation of 
reactive oxygen species (ROS) (Santos et al, 2010) that may be toxic for cells with a long life span and 
a deficiency in antioxidant defenses, such as neurons (Moreira et al, 2010). Additionally, 
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quinones (like coenzyme Qo) may facilitate the self-assembly of Tau protein into fibrillar polymers 
similar to those paired helical filaments present in the brain of AD patients (Santa-Maria et al, 2004). 
These findings suggest another possible link between oxidative stress, neuronal dysfunction, and AD.  
It is possible that mitochondrial dysfunction in AD patients not only takes place in the central 
nervous system but also in cells from peripheral tissues. Increased oxidative stress levels and 
reduced antioxidant defenses have been observed in AD fibroblasts (Cecchi et al, 2002). Regarding 
this, it has been described that lipoic acid and N-acetylcysteine may decrease the mitochondrial-
related oxidative stress in Alzheimer disease patients (Moreira et al, 2007a). 
3.2 Mitochondrial dynamics alteration 
Mitochondria failure may arise from a deficient dynamic balance of mitochondrial fission and fusion 
that, in AD (Fig.6), is greatly shifted toward fission and it may result in the presence of dysfunctional 
mitochondria in damaged neurons as well as fibroblasts from AD patients characterized by their 
accumulation into perinuclear areas (Bonda et al, 2010b; Zhu et al, 2013). Vulnerable neurons in AD 
brain exhibit significant reduction in mitochondrial length and increased width with a significant 
increased overall size consistent with unopposed fission suggesting alterations of mitochondrial 
dynamics (Wang et al, 2008b). In agreement with these findings, an abnormal distribution of 
mitochondria was found in pyramidal neurons of AD-affected individuals where mitochondria were 
redistributed away from axons in the pyramidal neurons (Wang et al, 2009). Accordingly, levels of 
fusion proteins OPA1, Mfn1, and Mfn2 were significantly reduced whereas levels of Fis1 were 
significantly increased in AD. In the case of the fission protein DLP1, it has been described a 
reduction in neurons (Bossy et al, 2010; Wang et al, 2008a) and fibroblasts of sporadic patients 
(Wang et al, 2008a). Primary hippocampal neurons treated with Aβ-derived diffusible ligands 
(ADDLs) demonstrated shortened mitochondria in neurons and alteration of fission and fusion 
proteins (Wang et al, 2009). Moreover, time-lapse recordings in these neurons showed impairment 
of both, fission and fusion processes, with fusion process being more severely affected (Wang et al, 
2009). Additional evidence has shown an abnormal interaction of Aβ monomers and oligomers with 
DLP1 that increases with the progression of the disease suggesting a possible cause of abnormal 
mitochondrial dynamics and synaptic damage (Manczak et al, 2011). On the other hand, the 
expression of AD-causing Swedish APP mutation in M17 cells also induced shorter and fatter 
mitochondria, with a slight but significant increase in size, but a decrease in the total mitochondrial 
number while the number of damaged mitochondria was increased (Wang et al, 2008b). Similar 
observations have been found in transgenic mice (Tg2574) harboring the APP Swedish mutation 
(Calkins et al, 2011). Abnormal mitochondrial morphology has been found in fibroblasts from 
sporadic AD patients, where they become significantly elongated and form a highly connected 
network (Wang et al, 2008a). This discrepancy in mitochondrial morphology may be due to 
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3.3 Relationship between mitochondrial dysfunction and AD-related 
pathology 
3.3.1 Amyloid beta 
In FAD, an increase in the level of Aβ may result in oxidative damage (Belkacemi & 
Ramassamy, 2012; Butterfield, 2002; Schmitt et al, 2012). APP and Aβ accumulate in mitochondrial 
membranes causing structural and functional damage (Pagani & Eckert, 2011). Non-glycosylated full-
length and C-terminal truncated APP has been found to accumulate in the protein import channels of 
mitochondria of human AD brains (Devi et al, 2006) (Fig.6). APP forms stable complexes with the 
translocase of the outer mitochondrial membrane 40 (TOMM40) import channel and the translocase 
of the inner mitochondrial membrane 23 (TIMM23) inhibiting the entry of nuclear-encoded 
cytochrome ܿ oxidase subunits IV and Vb proteins, which was associated with decreased cytochrome 
ܿ oxidase activity and increased ROS production. Additionally, an interaction has been discovered 
between Aβ and phosphorylated Tau with VDAC1 in the brains of AD patients and from APP, 
APP/PSEN1, and 3XTg AD mice which may block the mitochondrial pores leading to mitochondrial 
dysfunction (Manczak & Reddy, 2012).  
Aβ interacts with the mitochondrial protein ABAD (Aβ-binding alcohol dehydrogenase) 
which is upregulated in the temporal lobe of AD patients as well as in APP transgenic mice 
(Lustbader et al, 2004) (Fig.6). This complex prevents the binding of nicotinamide adenine 
dinucleotide NAD to ABAD, thereby changing mitochondrial membrane permeability and reducing 
the activities of respiratory enzymes causing elevated ROS.  
Moreover, it has been suggested that the oxidative stress induced by Aβ may oxidize and 
inactivate presequence protease, PreP, one of the proteins involved in Aβ degradation in the 
mitochondria thus increasing Aβ concentration in mitochondrial matrix and its pathologic effects 
(Alikhani et al, 2009) (Fig.6). 
Aβ has been also involved in alterations of mitochondrial dynamics. In fact, the 
overexpression of human APP Swedish double mutation in neuroblastoma cell lines induces a higher 
percentage of highly fragmented and slower mitochondria correlating with an alteration of the levels 
of the proteins involved in mitochondrial dynamics such as increased fission protein Fis1 and 
reduced levels of fusion proteins like OPA1 and DLP1 (Wang et al, 2008b) (Fig.6). In agreement with 
these in vitro findings, an abnormal distribution of mitochondria was also found in pyramidal 
neurons of AD affected individuals.  
Additionally, Aβ enhances nitrosative stress-inducing S-nitrosylation of DLP1, which favors 
mitochondrial fission followed by mitochondrial depletion from axons and dendrites and 






Mitochondrial Aβ may also interact with cyclophilin D, an integral part of the mitochondrial 
permeability transition pore (mPTP), which potentiates free radical production, causes synaptic 
failure, and promotes the opening of the mPTP leading to apoptosis (Du et al, 2008) (Fig.6). 
 On the other hand, Aβ accumulation could result in cytoskeletal aberrations (Kang et al, 
2011) (Fig.6). Aβ oligomers interact with integrins leading to improper control of focal adhesion 
assembly and signaling, therefore causing the dysregulation of cofilin, which is involved in the 
regulation of actin dynamics. The inhibition of actin dynamics is associated with increased ROS 
production and reduced mitochondrial potential. Moreover, cofilin in response to oxidative stress 
translocates to the mitochondria where it induces swelling, a drop in ΔΨm, and cytochrome ܿ release 
promoting the opening of mPTP and apoptosis. 
3.3.2 Presenilin 
Presenilins 1 and 2 are multi-transmembrane proteins associated with nicastrin, APH-1, and 
PEN-2, that form high-molecular ߛ-secretase complex, and are involved in Aβ production by 
intramembrane cleavage of APP. PSEN1 gene mutations are the most prevalent in FAD, but besides 
the generation of Aβ, little is known about its implication in mitochondrial dysfunction and oxidative 
damage. It has been demonstrated that PSEN1 (Ankarcrona & Hultenby, 2002) and PSEN2 are also 
located in mitochondria as part of the ߛ-secretase complex (Hansson et al, 2004). Noteworthy, 
presenilin mutations have been shown to sensitize cells to apoptosis by mechanisms suggested to 
involve impaired mitochondrial function and PSEN2/ߛ-secretase activity can modify ΔΨm 
(Behbahani et al, 2006). Moreover, PSEN2 KO mouse embryonic fibroblasts exhibit lower basal 
respiratory rate. On the other hand, in at least two transgenic mouse models expressing human Tau 
with AD mutations at PSEN1, PSEN1M146L (Schuessel et al, 2006) and PSEN1A246E (Strazielle et al, 
2009), the existence of mitochondrial abnormalities prior to cognitive deficits has been described. 
Also, in the case of PSEN1M146L mice, it was found that the mutation increases mitochondria ROS 
formation and oxidative damage. Finally, it has been recently shown that presenilins and ߛ-secretase 
activities are concentrated in a specialized subcompartment of the endoplasmic reticulum (ER) that 
is physically and biochemically connected to mitochondria, called mitochondria-associated ER 
membranes (MAM) which are involved in mitochondrial function and dynamics, among others (Area-
Gomez et al, 2012; Schon & Area-Gomez, 2010) . Either in presenilin KO mice or fibroblasts from FAD 
and SAD patients, MAM function is increased correlating with a significantly increased area of 
apposition between ER and mitochondria. 
3.3.3 Tau 
Tau is involved in the axonal transport of organelles such as mitochondria (Trinczek et al, 
1999). It is known that Tau-dependent mitochondrial axonal trafficking is regulated by the activity of 






the transport of mitochondria leading to energy deprivation and oxidative stress at the synapse as 
well as to neurodegeneration (Stamer et al, 2002) (Fig.6). Analysis of brain proteins from P301L 
mutant human Tau transgenic mice revealed deregulation of mitochondrial respiratory chain 
complex components such as complex V and reduced complex I activity as well as an impaired 
mitochondrial respiration with the subsequent ROS accumulation with aging (David et al, 2005) 
(Fig.5). Accordingly, the overexpression of P301L Tau mutation in human neuroblastoma cells has 
been shown to induce substantial complex I deficit accompanied by decreased ATP levels and 
increased susceptibility to oxidative stress (Schulz et al, 2012). This was paralleled by pronounced 
changes in mitochondrial morphology, decreased fusion and fission rates accompanied by reduced 
expression of OPA1 and DLP1. Moreover, an abnormal interaction of hyperphosphorylated Tau and 
mitochondrial fission protein DLP1 has been described suggesting a relationship with mitochondrial 
dynamics alteration (Manczak et al, 2011) (Fig.6). Other researchers have found that the expression 
of human Tau mutations in both Drosophila (R406W) and mouse neurons (P301L) results in 
elongation of mitochondria, which is accompanied by mitochondrial dysfunction and cell cycle 
mediated cell death (DuBoff et al, 2012). We have previously mentioned an interaction of phospho-
Tau and VDAC1 that may in turn block the mitochondrial pores leading to mitochondrial dysfunction 
(Manczak & Reddy, 2012) (Fig.6). On the other hand, increased oxidative stress has been shown to 
cause Tau hyperphosphorylation in a superoxide dismutase 2 knockout mouse model (Melov et al, 
2007). Furthermore, the inhibition of complex I with annonacin led to a redistribution of Tau from 
the axons to the cell body which correlates with a retrograde transport of mitochondria and finally to 
cell death (Escobar-Khondiker et al, 2007). Lastly, the downregulation of the proteins involved in the 
axonal transport of mitochondria such as Miro and Milton in Drosophila has shown loss of axonal 
mitochondria that promotes Tau phosphorylation in Ser262 via partitioning defective-1 (Drosophila 
homolog of mammalian microtubule affinity-regulating kinase) causing late-onset 
neurodegeneration in the fly (Iijima-Ando et al, 2012). 
3.4 Autophagy and Mitophagy failure 
In AD, Aβ and Tau aggregation has been associated with mitochondrial damage, oxidative 
stress, and cytoskeletal alteration of neurons. Autophagy plays a fundamental role in neuronal 
function and is intensively involved in AD-related protein aggregation (Nixon et al, 2005). Indeed, it 
has been demonstrated that autophagy is the major degradational pathway following unfolded 
protein response activation in neuronal cells, as early event in AD brain, suggesting a connection 
between its activation and the observed autophagic pathology (Scheper et al, 2011). Accordingly, an 
accumulation of autophagic vesicles in the cortex of AD patients compared to non-demented ones has 
been shown (Nixon et al, 2005). Moreover, an increase of autophagic vesicles containing 
mitochondria in pyramidal neurons from AD patients has been found, suggesting a mitophagy 






mentioned, one of the proteins involved in the target of mitochondria to be degraded by mitophagy, 
has been shown to be reduced in the cortex of AD brains (Rosen et al, 2010). Additionally, autophagy 
alterations have been described in AD brain and animal models. Beclin1, a protein that plays a key 
role in autophagy, has been shown to be diminished in the affected brain regions in AD patients early 
in the disease process (Pickford et al, 2008). In the same work, in an APP transgenic mouse model, 
the downregulation or overexpression of Beclin1 increased or diminished, respectively, the Aβ 
accumulation, extracellular Aβ deposition, and neurodegeneration, highlighting the relevance of 
autophagy in AD-related pathology. Moreover, a link between FAD and autophagy has been recently 
indicated (Lee et al, 2010), showing that autophagy requires functional, PSEN1 for lysosomal 
maturation and that is impaired by Alzheimer-related PSEN1 mutations. Thus, PSEN1 mutations 
could indirectly affect mitochondrial function by impairing its recycling by mitophagy. 
On the other hand, autophagy has been proposed to play an active role in AD pathogenesis. In 
this regard, autophagic vesicles have been demonstrated to be an active compartment for Aβ 
generation and their abnormal accumulation in affected neurons of AD brain contributes to Aβ 
deposition (Yu et al, 2004). Additionally, PARK2-induced autophagy facilitated clearance of vesicles 
containing debris and defective mitochondria counteracting oxidative stress and preventing 
mitochondrial dysfunction (Khandelwal et al, 2011). PARK2 reverses intracellular Aβ accumulation 
and its negative effects on proteasome function (Rosen et al, 2010). 
Other strategies for the induction of autophagy as a therapeutic strategy in AD have been 
tested in animal models for the disease. With this aim several molecules have been tested such as 
rapamycin (Caccamo et al, 2010; Spilman et al, 2010), cystatin B (Yang et al, 2011), trehalose 
(Schaeffer et al, 2012), scyllo-Inositol (Lai & McLaurin, 2012), and latrepirdine (Steele & Gandy, 
2013), although effects on improving mitochondrial recycling were not studied in these works. 
4. Models for the study of AD 
 Disease models are indispensable tools for understanding the molecular mechanisms that 
drive pathogenesis and enable the development of novel therapies. As primary patient cells are only  
available in very small quantities, AD studies typically use transgenic animals or transformed cell 
lines. The advantage of animal models is that they can be used to examine a disease in vivo, and 
primary animal cells are easily to isolate in large numbers for applications such as high-throughput 
screening. Transformed cell lines are accessible in large quantities and can be engineered to express 
a disease-causing gene of interest. However, the physiology of animal models and transformed cell 
lines is different from that of patient cells, which may partly explain why sometimes it is difficult to 
recapitulate the features of the disease and why many drug candidates are not effective in patients 
when tested in clinical trials. Therefore, developing these treatments using human models from the 






4.1 Human fibroblasts 
The main advantages of using skin fibroblasts as an in vitro model of AD are their availability 
and robustness. Furthermore, skin fibroblasts represent a model of primary human cells, which 
comprise the chronological and biological aging of the patients according to their polygenic 
predisposition and environmental etiopathology.  
Skin fibroblasts can be easily isolated from 2 mm punch skin biopsies, a procedure which 
does not need stitches and has practically as few complications as a venous puncture (Auburger et al, 
2012). It should be performed by a dermatologist and is not a routine measure in the management of 
AD patients, thus requiring written consent and ethics commission approval.  
The ensuing cell culture is a mixture of primary fibroblasts and keratinocytes at the 
beginning of the culturing process and a pure culture of fibroblasts is only achieved in the third 
passage. However, the fibroblast population consists most probably of a mixture of mitotic and 
postmitotic fibroblast (Auburger et al, 2012), thus contributing to a heterogeneous cell population 
even at early passages. Furthermore, cells may be contaminated with the frequent skin 
microorganism Mycoplasma (Nikfarjam & Farzaneh, 2012), possibly causing deprivation of nutrients, 
reduced growth, inflammatory responses, and oxidative stress, which makes a periodic testing for 
Mycoplasma necessary. Cell propagation, storage of aliquots in liquid nitrogen, and transport are easy 
and comparable to standard cell lines, thus fibroblasts from patients with sporadic AD or familiar AD 
can be obtained from numerous labs and several repositories such as the Coriell Institute in New 
Jersey.   
Since clonal selection and drift in culture are inherent features of fibroblasts, the matching of 
fibroblasts from a sufficient number of patients with their appropriate controls of similar age and sex 
is sometimes an inevitable difficulty.  
In view of the slow growth of primary cells from aged individuals, it needs weeks in culture 
to generate sufficient material for a number of biochemical tests. After some cultivation time, 
primary skin fibroblasts may be similar to mouse embryonic fibroblasts (MEFs) which either 
transform spontaneously or reach replicative senescence, thus altering the previously established 
phenotypes. Therefore, as with all primary cell models, a careful documentation of culture history, 
number of population doublings, and senescence markers such as senescence-activated β-
galactosidase (SA-β-galactosidase) staining are indispensable quality controls. Furthermore, control 
cells and patients fibroblast should have a similar amount of population doublings when comparing 
biochemical or genetic parameters. On the other hand, immortalization of fibroblasts can be regarded 
as an advantage since immortalized cells proliferate faster than primary cells, thus allowing a much 
higher cell yield, and characteristics induced by in vitro aging can be disregarded. A study by 
Sprenger et al. (2010) comparing primary and immortalized fibroblasts shows that both cell types 






expression changes of genes and proteins involved in transcription, cell cycle, receptor tyrosine 
kinase signaling cascade, and in the regulation of the cytoskeleton have been reported (Fridman & 
Tainsky, 2008; Sprenger et al, 2010), indicating that the use of immortalized fibroblast for studies 
involving these pathways must be carefully controlled. Additionally, depending on the immortalizing 
genes combinations used, chromosome instability and tumorigenic transformation may take place 
what may alter genuine properties of the cell (Garcia-Escudero et al, 2010). 
Primary skin fibroblasts are a suitable extraneural model for neurodegenerative diseases 
because it has been described that these cells are able to reflect cumulative cell damage at the age of 
the patient. The can be obtained from living patients giving the possibility of benefiting the individual 
with the findings. Additionally, it can be reprogrammed to induced pluripotent stem cells (iPSC) and 
differentiated to various types of neurons as a human neuronal in vitro model of AD. However, it has 
to be kept in mind that fibroblasts are quite resistant against most stressors as well as their gene 
expression profile and their signaling could differ from neurons.  
Althought work with human fibroblasts exhibits the disadvantages explain before, they are a 
powerful source for the study of AD and an excellent tool to develop a model of the pathology.   
4.2 Induced pluripotent stem cells and iPSC-derived neurons  
4.2.1 Induced pluripotent stem cell technology 
The discovery that somatic cells could be reprogrammed to a pluripotent state has 
profoundly altered the landscape in which stem cell research is conducted. A revolutionary work in 
2006 by Takahashi and Yamanaka demonstrated for the first time that adult differentiated cells such 
as fibroblasts are able to be retrodifferentiated to generate stem cells (Takahashi & Yamanaka, 
2006). Four transcriptions factors, Oct4, Sox2, c-Myc, and Klf4, were enough to induce pluripotency 
in primary fibroblast indicating that cell programming could be reversed. Other groups have 
generated similarly pluripotent cells from other peripheral cells, such as blood cells (Loh et al, 2009) 
keratinocytes (Aasen et al, 2008), B lymphocytes (Hanna et al, 2008), neural stem cells (Kim et al, 
2008a) or hepatocytes (Stadtfeld et al, 2008). It is important to keep in mind that exogenous factors, 
genetic background, and epigenetic of tissue origin of cells influences native pluripotency (Hanna et 
al, 2010). Therefore certain differences on the epigenetic landscape are expected to exist between ES 
and iPS cells (Bock et al, 2011; Lister et al, 2011). 
Patient-specific iPSCs are well suited for generating human disease models. In theory, the 
limitless self-renewal and differentiation properties of iPSCs enable them to produce the large 
quantities of specific cell types for basic research and drug discovery. iPSC technology offers a unique 
tool to dissect the principles of cell fate determination during normal development and its 
dysregulation in disease (Stadtfeld & Hochedlinger, 2010). The abundance of studies clearly shows 






patients with highly penetrant mutations is that these cells are likely to recapitulate disease 
phenotypes; indeed, the vast majority of disease models generated so far are from genetic mutations 
that cause disease in a Mendelian manner. However, most diseases are either sporadic or the result 
of polymorphisms at multiple loci. The alternative approach for modelling diseases using iPSCs from 
patients with a risk allele or a sporadic disease has been extremely challenging. Unlike conventional 
models, a great advantage of iPSCs is that they are derived from individual patients with observable 
phenotypes, even when there are multiple unknown contributing genetic mutations.  
The study of human brain disorderes is hampered by obtaining live material relevant for the 
disease. The ability to generate neural cultures from post-mortem human brains depends greatly on 
the quality of the post-mortem brain tissue (Verwer et al, 2002) but in most cases is extremely 
difficult. The generation of human iPS cells is one way to surmount these limitations. Protocols have 
been developed to differentiate iPS cells in vitro into distinct neuronal types allowing researchers to 
examine disease onset and progression directly in different models of neurological disorders (Liu et 
al, 2012; Sandoe & Eggan, 2013).  
4.2.2 iPSC differentiation into neural subtypes relevant to AD 
Several groups have succeeded in creating functional neurons from FAD and SAD iPSC that 
recapitulates the features of AD pathology (Table 1). The base protocols used for these 
differentiations include dual-SMAD inhibition in a monolayer culture (Chambers et al, 2009), an 
embryoid body or aggregate method (Eiraku et al, 2008) or more recently, the formation of cerebral 
organoids (Lancaster et al, 2013).  
Both glutamatergic and GABAergic neuronal fates have been implicated in different aspects 
of AD pathogenesis. Through modulation of patterning pathways, differentiation can be directed to 
generate cultures of more dorsal, glutamatergic fates (Vazin et al, 2014; Zeng et al, 2010) or else of 
more ventral, GABAergic fates (Cunningham et al, 2014; Nicholas et al, 2013). It was recently shown 
that iPSC-derived GABAergic neurons are less susceptible to Aβ induced cell death (Vazin et al, 
2014), thus demonstrating the differential phenotypes that can be understood by specifying cell 
fates.  
The loss of basal forebrain cholinergic neurons is associated with deficits in spatial learning 
and memory in AD pathology. Since cholinergic neurons are among the first to degenerate in AD, 
there has been much interest in directing differentiation to this fate. Cholinergic neurons can be 
generated from human ES cells by sequential treatment with growth factors that are found in the 
forebrain during different developmental stages (Bissonnette et al, 2011). Alternatively, cholinergic 
neurons can be generated by the overexpression of transcription factors. Expression of Lhx8 and 
Gbx1 is necessary and sufficient to generate basal forebrain cholinergic neurons (Bissonnette et al, 
2011). Production of cholinergic neurons by nucleofection with Lhx8/Gbx1-IRES-GFP allows for 






forebrain cholinergic neurons originated from sporadic AD patients of the apoE3/E4 background 
using this method displayed typical AD biochemical features including an increase in the Aβ42 to 










Oligomerization of Aβ, endoplasmic reticulum and oxidative stress (Kondo et al, 2013) 
Increased secretion of Aβ40, phosphorylation of Tau, activation of GSK3β, large and very early endosomes 
(Israel et al, 2012) 













Increased secretion of Aβ40, phosphorylation of Tau, activation of GSK3β, large and very early
endosomes (Israel et al, 2012) 
Abundance of intracellular Aβ oligomers, increased Aβ42/Aβ40 ratio (Kondo et al, 2013)
Increased Aβ42/Aβ40 ratio (Mertens et al, 2013)
Increased β-secretase cleavage of APP, altered γ-secretase cleavage, increased Aβ42, 
increased phospho-Tau (Muratore et al, 2014) 






 Decreased secretion of Aβ40,  increased oligomerization of Aβ, increased stress response 






2 PSEN1A79V Increased Aβ42/Aβ40 ratio (Mertens et al, 2013)




Increased Aβ42/Aβ40 ratio (Mahairaki et al, 2014; Sproul et al, 2014; Yagi et al, 2011)
14 genes differentially regulated in FAD lines. Five of these genes were differentially 
expressed in brains of late and intermediate AD patients (Sproul et al, 2014) 
























































Mitochondrial dysfunction and oxidative damage play a critical role in the pathogenesis of 
Alzheimer disease. Accumulation of oxidatively damaged proteins and organelles due to inefficient 
degradation could exacerbate the pathophysiology of the cell in this disorder. It is well known the 
fundamental function of autophagy in AD related proteopathy. Moreover, autophagy alterations have 
been described in Alzheimer disease mouse models and patients’ samples. 
By generating different human cellular models of Alzheimer disease we propose the 
following objectives: 
 
1. Study of APP and Tau contribution to autophagy and mitochondrial recycling process.  
 
2. Study of autophagy and mitophagy system in the early onset familial form of Alzheimer 
disease through: 
 
• a cell model of skin fibroblasts derived from FAD patients. 
 
• validation of the anomalies found in fibroblasts in a neural model derived from iPSC 
from FAD patients.  
 
3. Study of mitochondrial function, autophagy and mitochondrial recycling process in the late 
onset sporadic form of Alzheimer disease through: 
 
• a cell model of skin fibroblasts derived from SAD patients. 
 
• validation of the anomalies found in fibroblasts in brain samples from AD patients.  
 




















































  1.2 Primary cells 
Primary skin fibroblasts from AD patients and their correspondent healthy sex and age-
matched samples were obtained from Coriell Institute for Medical Research (New Jersey, USA). iPSC 
lines were generated by Andrew Sproul from New York Stem Cell Foundation from fibroblast cell 
lines AG06842 and AG07671. See Table 2 for details about age, sex and stage of the disease of these 
cells.  
1.3 Brain tissues 
Hippocampal brain samples from SAD patients and control subjects were obtained from 
Banco de Tejidos (Fundación CIEN, Instituto de Salud Carlos III, Madrid, Spain). On the basis of 
quantitative pathological features, the SAD brain specimens were classified (Table 3) as coming from 
SAD patients at Braak stages II and III (early AD) (n=5),  Braak stage V (n=5) and Braak VI (n=6) 





Table 3. Brain samples. 
Table 2. Brain samples.
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The primary antibodies used in this work for Western Blot and immunostaining are listed in 
the following Table 4.  
For Western Blot analysis the following HRP (horseradish peroxidase) conjugated secondary 
antibodies were used: anti-mouse, anti- rabbit (DAKO) all produced in goat at 1/1000 dilution. For 
immunostaining assays the following Alexa secondary conjugated antibodies were used: anti-mouse, 
anti- rabbit and anti-goat Alexa 488/555/647 (Invitrogen) all produced in donkey at 1/1000 
dilution. To nucleic acid staining, 4',6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI) was used.  
2. Methods 
2.1 Cell culture methods 
2.1.1 Fibroblasts culture conditions  
Human fibroblasts were cultured in Dulbecco´s modified Eagle´s medium (DMEM) 
supplemented with 10% (v/v) heat-inactivated Fetal Bovine Serum (FBS), 2 mM glutamine, 10 U/ml 
penicillin, 10 μg/ml streptomycin, in 5% CO2 in a humid incubator at 37oC. The use of fibroblasts has 
been restricted to a maximum of 10 cell passages to avoid replicative senescence and cultures were 
always kept below confluence.  
2.1.2 iPSC culture conditions  
Undifferentiated iPSCs were kept onto Cultrex (Trevigen, 3432-005-01)-coated dishes and 
grown in feeder-free maintenance basal medium for hESCs and hiPSCs mTesR1 (StemCell 
Technologies, 05851) supplemented with mTeSR1 5X Supplement (StemCell Technologies, 05852) 
contained penicillin-streptomycin (100U/mL-0.1mg/mL) in 5% CO2 in a humid incubator at 37oC.  
2.1.3 Retroviral reprogramming 
Fibroblasts were plated at 3x104– 5x104 cells in a single well of a 6-well plate or multiple 
wells of a 12- well-plate, which was infected the 6-18 hours later with four retroviruses prepared for 
Oct4, KLF4, Sox2, and c-Myc by the Harvard Gene Therapy Core (Sproul et al, 2014). Infected 
fibroblasts were split 7-14 days post-infection onto MEFs (γ-irradiated mouse embryonic fibroblasts) 
and concomitantly treated with three chemical compounds to enhance reprogramming: SB431512 (2 
μM), Thiazovivan (0.5 μM), and PD0325901 (0.5 μM) (Lin et al, 2009). iPSC colonies were initially 
selected by morphology, passaged several times to remove untransformed cells, and expanded 
before characterization. 
 




2.1.4 Monolayer neuronal cortical differentiation 
iPSC colonies were dissociated into single cells by washing with PBS and adding 1 ml 
Accutase (Life Technologies, A1110501) and then plated onto Cultrex-coated dishes in mTesR1 
medium containing 10 μM ROCK inhibitor (Y-27632, Stemgent, 04-0012). Cells were plated at a 
density of 3x105 cells per 6 well-plate and allowed to recover for 3 days to allow near confluency. 
Cells were neuronally differentiated with dual-smad inhibition from days 0-9 in custom TesR1 (5x 
supplement W/o 5 factors mTesR1 and penicillin-streptomycin (100 U/mL-0.1 mg/mL)) using 10 
μM SB431542 (Stemgent, 04-0010) and 250 nM LDN193189 (Stemgent, 04-0074). Cell were split 
with Accutase (Life Technologies, A1110501) on day 10 and plated at a density of 2x105 cells per 6 
well-plate on 100μg/mL Poly-L-Ornithine (Sigma-Aldrich, P3655)/ 3 μg/mL laminin plates. 
Monolayer neuronal differentiation was carried out in Neurobasal (Life Technologies, 21103049) + 
B27 supplement (Life Technologies, 17504044) and cells were fed every 2 to 3 days until analyzed. 
At day 30, neuronal differentiation media was supplemented with 20 ng/ml BDNF (R&D system, 
2837).  
2.1.5 Lentivirus production 
Pseudotyped lentivectors were produced using reagents and protocols from Didier Trono 
with the following modifications: 293T cells were transiently co-transfected with 5 μg of the 
corresponding lentivector plasmid, 5 μg of the packaging plasmid pCMVdR8.74 (Addgene plasmid 
22036) and 2 μg of the VSV G envelope protein plasmid pMD2G (Addgene plasmid 12259) using 
Lipofectamine and Plus reagents following instructions of the supplier (18324 and 11514, 
respectively, Life Techonologies). The lentivector used encodes wild type PARK2, and was a gift from 
Dr. Andrew B. West (University of Alabama) (da Costa et al, 2009). 
2.2 Biochemistry methods 
2.2.1 Western Blot analysis 
The cells and tissue samples were homogenized in lysis buffer (50 mM pH 7.5 HCl-Tris, 300 
mM NaCl, 0.5% SDS and 1% Triton X-100) and incubated 15 min at 95ºC. Protein concentration of 
the extracts was measured using the Dc protein assay kit (500-0111, Bio-Rad). Equal amounts of 
total protein extract from healthy and SAD cells were resolved by SDS-PAGE and then transferred to 
nitrocellulose membranes (G9917809, Amersham, Germany). Western blot and immunoreactive 
proteins were developed using an enhanced chemiluminescence detection kit (NEL105001EA, Perkin 
Elmer) following instructions of the supplier. Quantification was performed by densitometry of the 
obtained bands in each lane with respect to the correspondent housekeeping protein in each 
experiment (Quantity One software, Bio-Rad). When several paired samples were compared very 
 




data was normalized with respect to the values obtained from each correspondent age-matched 
healthy sample. 
2.2.2 Protein oxidation detection 
OxyBlot Protein Oxidation Detection Kit (S7150, Millipore) was used to detect oxidized 
proteins in cell extracts using the supplier guidelines. Briefly stated, carbonyl groups of cell extract 
proteins were treated with 2,4-dinitrophenylhydrazine. Equal amounts of total protein extract (20 
μg) were loaded and Western blot detection was performed as previously described. Quantification 
was done by densitometry of the obtained bands in each lane (Quantity One software, Bio-Rad) with 
respect to GAPDH signal and every result was normalized with respect to the values obtained from 
each correspondent age-matched healthy sample. 
2.2.3 Ubiquitination levels detection 
A conventional Western blot was performed as described above by using the primary 
antibody against ubiquitin motive (Z0458, Dako). Quantification was performed by densitometry of 
each lane (Quantity One software, Bio-Rad) with respect to the correspondent GADPH signal and 
every result was normalized with respect to the correspondent age-matched healthy sample. 
2.2.4 Mitochondrial isolation 
The Mitochondria Isolation Kit for Mammalian Cells (89874, Pierce Protein Biology Products) 
was used to isolate intact mitochondria from cultured cells using the manufacturer´s protocol. 
2.2.5 Phos-tag assay 
Cells were treated with 20 μM CCCP for 1 h and then lysed in Western blot lysis buffer. We 
use 7.5% polyacrylamide gels containing 50 μM Phos-tag acrylamide AAL-107 (Wako chemicals) and 
100 μM MnCl2. After electrophoresis, gels were washed twice with transfer buffer containing 0.01% 
SDS and 10 mM EDTA for 20 min, and then replaced with transfer buffer containing 0.01% SDS for 10 
min. Proteins were transferred to PVDF membranes and analyzed by conventional immunoblotting. 
For dephosphorylation, extracts treated with CCCP were incubated for 1 h with 800 U of lambda 
protein phosphatase (λPP, Sigma, St. Louis Missouri) following the guidelines of the supplier. 
2.3 Molecular biology methods 
2.3.1 Pluripotency and differentiation score analysis 
To ensure that non-reprogrammed or partially reprogrammed fibroblast lines were 
distinguished from successfully reprogrammed iPSC lines, gene expression signatures were used to 
 




measure the pluripotency and differentiation score. Assays were carried out by the NanoString 
protocol. Samples of 105cells were lysed and RNA hybridized to custom specific molecularly-
barcoded reporter and capture probes before processing on the nCounter Prep-station (NanoString). 
Processed samples were then loaded into an nCounter Digital Analyzer (NanoString) and scanned at 
high resolution (about 800 frames/sample). nCounter Analyzer data were analyzed on NanoString’s 
nSolver software, normalizing counts to three housekeeping genes, ACTB, POLR2A, and ALAS1. Probe 
sets include a Pluripotency Codeset of 25 genes indicative of pluripotency and a Lineage Codeset 
including multiple targets indicative of separate germ layers previously described (Kahler et al, 
2013).  
2.3.2 Quantitative real-time PCR assays 
Frozen brain tissue was homogenized using a TissueLyser (Retsch MM300, Qiagen, GmbH, 
Hilden, Germany) run at 30 Hz for 5 min with 5 mm stainless steel beads (69989, Qiagen) in 700 μl of 
QIAzol Lysis Reagent (79306, Qiagen). RNA was extracted using miRNeasy Mini Kit (217004, Qiagen) 
with RNase-Free DNase Set (79254, Qiagen) following provider’s guidelines. RNA integrity number 
(RIN) of each sample was calculated using the Agilent 2100 Bioanalyzer system (Agilent 
Technologies) and only RNAs with RIN above 5 were used for RT-qPCR. Retrotranscription was 
performed with Transcriptor First Strand cDNA Synthesis Kit (04379012001, Roche) using 20 ng/μl 
of RNA with random primers. Quantitative PCR was performed in a thermocycler AB7.900HT 
(Applied Biosystems) using the following conditions: 50ºC for 2 min, 95ºC for 10 min and 40 cycles of 
95ºC for 15 sec. and 60ºC for 1 min. The oligos used for the detection were PARK2-F: 
CCCTGGGACTAGTGCAGAAT, PARK2-R: TGCGATCAGGTGCAAAGCTA, PINK1-F: 
CATGCCTACATTGCCCCAGA, PINK1-R: GAACCTGCCGAGATGTTCCA, TOMM20-F: 
GCTGGGCTTTCCAAGTTACC, TOMM20-R: AGTAACTGCTGTGGCTGTCC, MTRNR2-F: 
CGATGGTGCAGCCGCTATTA, and MTRNR2-R: ATCATTTACGGGGGAAGGCG. Genes expression were 
normalized to GAPDH expression using TaqMan primer human GAPDH (Hs99999905_m1, Applied 
Biosystems).  
2.3.3 Microarray analysis 
The expression profiling by array (Affymetrix  Human Gene 1.0 ST Array) of PARK2, PINK1 
and TOMM20 of human brain samples classified into healthy (n=47) vs AD (n=32) was retrieved from 
the Hisayama study (Hokama et al, 2014). Differences in PARK2, PINK1 and TOMM20 expression 
between healthy and AD were calculated using Student’s T test.   
 




2.4 Functional study methods 
2.4.1 MTT assay 
Cells were grown in 96-well plates and treated as indicated. Metabolic status was determined 
by 200 μg/ml MTT (3-[4,5-dimethylthiazo-2-yl]-2,5-diphenyltetrazolium bromide) (Sigma, M2128) 
as previously described (Mosmann, 1983). 
2.4.2 Mitochondrial dynamics study  
Cells were infected at an approximate MOI: 5-10 with a lentivector encoding DsRed2-Mito 
construct obtained from Clontech (632421) kindly provided by Dr. Ismael Santa-María. Cells were 
treated with CCCP (20 µM, Sigma, St. Louis Missouri) for 6 h and, in the reversible condition, CCCP 
was removed after 1 h and the medium was replaced for DMEM 10% FCS. After the treatments cells 
were fixed with 4% PFA and mitochondrial pattern was observed with a Radiance 2000 confocal 
system (Bio-Rad) coupled to an Axiovert S100 TV inverted microscope (Zeiss). 10 randomly chosen 
fields containing between 10 and 15 cells were used to quantify the pattern of mitochondria 
distinguishing between completely filamentous (long and spaghetti-like shape), fragmentated 
(completely punctated) and intermediate pattern (when both filamentous and punctated 
mitochondria were found). 
2.4.3 Mitochondrial potential measurement 
Cells were treated with 20 μM carbonyl cyanide m-chlorophenylhydrazone (CCCP; C2759, 
Sigma) for 7 h and, in the reversible condition, CCCP was removed and the medium was replaced for 
DMEM 10% FBS during the last 60 min. Then, fibroblasts were incubated with 50 nM DiOC6(3) 
(D273, Molecular Probes) for 30 min at 37 ºC and analyzed by flow cytometry (FACSCalibur, BD 
Biosciences, San Jose, CA). Mitochondrial membrane potential for each condition was represented as 
the percentage of the fluorescence intensity with respect to fluorescence intensity exhibited when 
these cells remained untreated. 
2.4.4 ATP quantification 
ATP was quantified using ATP determination kit (Invitrogen). After correspondent 
treatments, cell extracts were prepared in PBS 0.5% triton X-100 and, following the manufacturer’s 
instructions, ATP content was determined by luminiscence using a FLUOstar OPTIMA Plate Reader 
(BMG Labtech) at 28ºC, using Costar 96-well black plates (Fisher Scientific). As a control we used 
Oligomycin 10 μM for 1 h (O4876, Sigma). 
 




2.4.5 Autophagy flux study  
Fibroblasts and iPSC-derived neurons were treated with CCCP (20 μM) for 24h followed by an 
additional treatment of PBS or NH4Cl (15 mM) for 6h in the presence of CCCP. After the treatment, cells 
were lysed in Western blot buffer and immunodetection of autophagy involved proteins was performed 
as described in Methods 2.2.1. Quantification of autophagic synthesis was represented as the ratio 
between the values of the cells trated with CCCP and NH4Cl with respect to the condition without CCCP 
but maintaining NH4Cl treatmnt. Quantification of autophagic degradation ratio was obtained by the 
relation between the values of the cells treated with CCCP and NH4Cl and the ones without NH4Cl but 
maintaining CCCP treatment according to autophagy standard guidelines (Klionsky et al, 2016). 
2.4.6 Lysosomal function study 
Cells were treated with 100 nM bafilomycin A1 (B1793, Sigma) for 2 h or remain untreated. 
After that, cells were collected and treated with 500 nM LysoTracker Red DND-99 (L-7528, Molecular 
Probes, Life Technologies) for 20 min. Then, cells were analyzed by flow cytometry (FACSCalibur, BD 
Biosciences, San Jose, CA). Relative LysoTracker level represents the ratio of the FL-2 fluorescence 
intensity of the untreated condition and the bafilomycin treated one. 
2.4.7 Cathepsin assay (Magic Red) 
Fibroblasts were plated to chambered coverglasses and imaged the following day on FRET in 
vivo Imaging System (Zeiss, Oberkochen, Germany) coupled to an Axiovert200 microscope (Zeiss). At 
the start of imaging, Magic Red reagent (937, Immunochemistry Technologies) was diluted 1:365 
into PBS, and then this solution was added at a 1:10 dilution into the cell culture media. Images were 
acquired using a 20X Plan-Apochromat objective (420650-9901-000, Zeiss); numerical aperture of 
0.6, at 4 min intervals for a total of 32 min. Image analysis was performed using ImageJ software 
(Bethesda, MD). Images were thresholded to include only the lysosomal compartment, using the 
same numerical threshold for all images across a single experiment. The total fluorescence above 
threshold was normalized to the total area of the lysosomal compartment, measured as the area 
above threshold at t = 32 min. Graph represents means and standard deviation of normalized 
fluorescence intensities plotted over time obtained from three Alzheimer and healthy couples.  
2.5 Immunochemistry methods 
2.5.1 Immunocytochemistry  
Fibroblasts and differentiated neurons were grown on sterile glass coverslips, treated as 
described for each experiment, followed by washing with PBS and fixing with 4% paraformaldehyde 
in PBS for 30 min or 10 min for fibroblasts or neurons respectively at room temperature. After 
 




blocking with PBS containing 1% BSA, permeabilizing with 0.1% Triton X-100 and Glycine 1 M for 30 
minutes, cells were washed with PBS and stained by indirect immunofluorescence using the 
antibodies described before. When indicated, phalloidin (A-12379, Life Techonolgies) was added at 
1:200 during the second antibody incubation. Samples were mounted with Prolong Gold Antifade (P-
36930, Life Technologies) and randomly chosen field images were obtained in an Invert Confocal 
LSM510 (Zeiss, Oberkochen, Germany) fluorescence microscope. iPSC colonies were fixed with 4% 
for 10 minutes and blocked with blocking buffer (PBS with 0.25% TritonX-100, 2% bovine serum 
albumin, and 1% sodium azide) for 30 minutes. Cells were then stained with primary antibody 
diluted according to manufacturer recommendation in blocking buffer overnight at 4°C. Cells were 
washed with 0.1% PBS and stained with secondary antibody (1:400 in blocking buffer) for two hours 
at room temperature. Cells were washed again with 0.1% PBS and images were taken on an Olympus 
IX71 inverted microscope.  
2.5.2 Mitochondrial content analysis 
Mitochondrial content was measured by ImageJ macro designed by Ruben K. Dagda at the 
University of Pittsburgh (Dagda et al, 2009). The macro allows to threshold immunostained 
mitochondria in cells labeled with a mitochondrial antibody or transiently expressing 
mitochondrially targeted GFP. This macro displays measurements of several mitochondrial 
parameters such as mitochondrial count, total mitochondrial area or mitochondrial perimeter. 
Briefly, the macro splits the channels and the image with mitochondria is automatically thresholded. 
The next step of the macro consists in analyzing the different mitochondrial parameters drawing 
individual outlines for each mitochondrion. Then, the program displays a panel with the parameters 
measured. In our case, we used the total area of all mitochondria measured. 
2.5.3 Autophagolysosomes quantification 
Fibroblasts were transfected with mRFP-GFP tandem fluorescent-tagged LC3 plasmid 
(Kimura et al, 2007) using Polyethylenimine (PEI; 408727, Sigma). After 24 h, cells were fixed and 
processed for analysis in an Invert Confocal LSM510 (Zeiss, Oberkochen, Germany) fluorescence 
microscope. Quantification of only RFP-positive dots per cell was performed with ImageJ software 
(Bethesda, MD). 
2.5.4 Colocalization assay 
Colocalization analysis was performed with ImageJ software (Bethesda, MD) and every cell 
was manually delimited according to phalloidin staining. The background of different channels was 
edited with Subtract Background tool with a rolling ball radius of 30 pixels; and by a threshold 
intensity, binary images were obtained. The logical operation AND of the Image Calculator tool was 
used to generate an image harboring only overlapping structures of both channels. Colocalization 
 




measurement was obtained by quantifying the area occupied by the overlapping elements per cell. At 
least 200 cells were measured for each cell line. 
2.6 Statistical analysis 
When paired samples were used, values represented in the graphs were obtained by 
normalizing every AD sample data with its correspondent age-matched healthy sample. Randomly 
chosen AD-healthy couples were used for each experiment without any specific exclusion criteria. 
Graphs represent means and standard deviations of the values obtained from experimental 
triplicates or from at least three SAD-healthy couples. Statistical comparison of the data sets was 
performed by the Student’s t test. Two-way ANOVA test was performed to examine the differences 
between experimental factors and their interaction. A post hoc Bonferroni test was used when more 
than two experimental groups were compared. When the distribution of the data was not normal a 
nonparametric Mann–Whitney U test was used. The differences are given with their corresponding 
statistical significance or p value, which is the probability that the difference occurred merely by 
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of Aβ from amyloid precursor protein (APP), which is produced in the brain and other tissues (Haass, 
1993 (Haass & Selkoe, 1993), (Thinakaran & Koo, 2008).  
 Over 180 mutations in PSEN1 have been reported as the cause of early onset Alzheimer 
disease (Cruts et al, 2012). Defective Presenilin 1 interferes with the function of the γ-secretase 
complex, which alters the processing of APP and leads to the overproduction of a longer, toxic 
version of Aβ peptide (Aβ42) (Borchelt et al, 1996). Generation of toxic Aβ peptide and the formation 
of amyloid plaques likely lead to the death of neurons and the progressive signs and symptoms of 
this disorder. To develop this work we have focused in the PSEN1 Ala246Glu mutation known as 
FAD1. This mutation was originally reported in 1995 in conjunction with the cloning of the PSEN1 
gene (Sherrington et al, 1995). It was detected in a Canadian family of Anglo Saxon-Celtic origin. The 
pattern of transmission is consistent with autosomal-dominant inheritance, and genetic analysis 
confirmed that the mutation segregated with disease.  
Besides the generation of Aβ, little is known about PSEN1 implication in mitochondrial 
dysfunction and oxidative damage. Previous study defined an essential role for PSEN1 in the 
maturation and trafficking of the v-ATPase responsible for lysosome acidification which is essential 
for the normal turnover of proteins and organelles by autophagy (Lee et al, 2010). Taking into 
account these data, the next goal of this work is the evaluation of mitochondrial recycling process by 
autophagy in two different human cell models of AD -associated PSEN1 mutations, unmodified skin 
fibroblasts and iPSC-derived neurons.  
2.1 Study of mitochondrial recycling process in fibroblasts from 
patients harboring AD-associated PSEN1 mutation.  
To achieve the first part of this project, we used human primary cell lines of skin fibroblasts 
from FAD patients obtained from Coriell Institute (Table 2) carrying the mutation FAD1: PSEN1 
Ala246Glu compared to their correspondent age- and sex-matched samples from non-demented 
individuals.  
2.1.1 Autophagy degradation impairment in PSEN1-FAD fibroblasts.  
To identify whether autophagy may be altered in our PSEN1-FAD (FAD1) fibroblasts, as it 
was previously published (Lee et al, 2010), we treated the cells with CCCP for 24h followed by an 
additional treatment of NH4Cl for 6h in the presence of CCCP to block the degradation phase of 
autophagy. As expected, Western blot analysis revealed an increase of LC3II and LC3II/LC3I ratio 
levels in FAD1 fibroblasts compared to healthy samples, being more significance the second one (Fig. 
18A-B). This may reflect an accumulation of autophagic vesicles in FAD1 cells. According to this, we 
could observe a diminished autophagy flux where the autophagosome (LC3II) synthesis was slightly 
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3. Mitophagy study in a model of sporadic Alzheimer 
disease.  
The majority of AD cases have a sporadic etiology, in which the disease could arise through 
interactions among various genetic and environmental risk factors that potentially contribute to the 
pathology development (Stozicka et al, 2007). The leading AD molecular paradigm, the “amyloid 
cascade hypothesis”, is based on studies of rare autosomal dominant variants and does not represent 
what initiates the most common late-onset sporadic form. It has been proposed for SAD a 
“mitochondrial cascade hypothesis” that posits mitochondrial dysfunction as primary pathology and 
comprehensively reconciles seemingly histopathologic and pathophysiologic features (Swerdlow & 
Khan, 2004).  
Sporadic disease models are indispensable tools for understanding the molecular 
mechanisms that drive pathogenesis and enable the development of novel therapies. Although our 
ability to model diseases in mice is improving rapidly, owing to the advent of sophisticated molecular 
tools, sporadic diseases usually have a much more complex pathogenesis that can be difficult to 
model accurately. Therefore, search and study of SAD in a human model is the key to decipher the 
mechanisms underlying the pathology.  
Taking into account these premises, the next step of this thesis consisted in the study of a 
possible impairment in the mitochondrial recycling in a human unmodified cell model of SAD that 
could support the important role of mitochondria in late-onset AD.  
3.1 Study of mitochondrial recycling process in fibroblasts from 
sporadic AD patients. 
Human fibroblast cell culture systems have been used to model both molecular events 
associated with the aging process and the biochemical anomalies found in AD. Our first goal was to 
evaluate the autophagy-mitophagy system function in human primary cell line of skin fibroblasts 
from SAD patients obtained from Coriell Institute as well as their correspondent age-matched 
healthy samples (Table 2).  
3.1.1 Mitochondrial anomalies in SAD fibroblasts 
Consistent with previous findings demonstrating increased ROS levels in familial AD 
fibroblasts (Naderi et al, 2006), we analyzed oxidation of proteins in fibroblasts from SAD patients 
compared with its correspondent age-matched healthy samples. Through OxyBlot analysis we 
observed that SAD cells showed an increased amount of oxidized proteins under basal conditions 
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We next analyzed a putative improvement of autophagy process after PARK2 overexpression. 
In fact we could observe a restauration of the basal levels of AVs in SAD samples what was shown in 
the increase of LC3II protein levels up to the ones observed in healthy samples (Fig. 57A-B). 
However, the induction of AVs represented by the LC3II/LC3I ratio, were not significantly increased 
(Fig. 57C). Noteworthy, we also could observe a significant improvement of AV synthesis (Fig. 57D). 
This also correlates with the increased degradation of polyubiquitinated proteins via autophagy 
observed (Fig. 56E). On the other hand, the autophagosome degradation after PARK2 overexpression 
maintains similar levels to the ones found in the absence of PARK2 in both SAD and healthy 
fibroblasts (Fig. 57E), highlighting that the improvement of autophagy flux is due to an increase in 
AV generation. 
Then, we assessed the possible effects of PARK2 overexpression in mitophagy process. PARK2 
transduction improved the targeting of PARK2 to the mitochondria after CCCP treatment in SAD 
fibroblasts (Fig. 58A). Additionally, the accumulation of either total or full length isoforms of PINK1 
in SAD samples was reduced after PARK2 overexpression to levels closer to the ones observed in 
healthy cells (Fig. 58B). Remarkably, PARK2 enhancement allowed a significant mitochondrial 
function improvement indicated by the ΔΨm recovery in SAD cells after a reversible CCCP challenge 
(Fig. 59A) which was negligible when they were uninfected (Fig. 41A). Finally, we could observe 
that the accumulation of TOMM20 label in SAD fibroblasts in basal conditions was restored by PARK2 
overexpression up to healthy levels (Fig. 59B-C). Moreover, in normal conditions or after CCCP 
treatment there was a clear recycling of mitochondria by lysosomal degradation in healthy samples 
that was not observed AD samples where there was an accumulation of mitochondria (Fig. 59D). But 
PARK2 overexpression dramatically improved mitochondrial recycling bypassing the impairment 
due to NH4Cl treatment (Fig. 59E). Overall, these data indicate that PARK2 overexpression 
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1. Peripheral vs neuronal models for the study of Alzheimer 
disease: Is there a peripheral failure in AD? 
Fibroblasts offer us an accessible cell source that can be obtained by a small skin biopsy from 
living patients. Furthermore, skin fibroblasts represent a model of primary human cells, involving the 
chronological and biological aging of patients according to their genetic and environmental 
predisposition factors. However, it is imperative to demonstrate that fibroblasts retain certain 
hallmarks of the disease, and, being the skin a tissue that is not affected in AD pathology, this is not a 
trivial issue. Several works have previously demonstrated that fibroblasts exhibit oxidized proteins 
accumulation and mitochondrial anomalies that can also be found in AD brain (Wang et al, 2014b). 
Moreover, accumulation of Aβ has been also demonstrated in these cells (Citron et al, 1994). It is well 
known that the loss of mitochondrial membrane potential with the uncoupler ionophore CCCP 
induces autophagic clearance of mammalian mitochondria (Narendra et al, 2008). In this thesis, we 
have demonstrated a deregulation in the proteins involved in the degradation of mitochondria under 
basal conditions, even though the activation of this process by the treatment with CCCP helped us to 
elucidate the mechanisms underlying the pathogenesis exacerbating the possible differences 
between AD and healthy cells. For biochemical studies, the ability to depolarize the mitochondria in a 
cell culture with CCCP has clear advantages (Narendra et al, 2008; Wang et al, 2011). It has been well 
demonstrated that endogenous PARK2 is able to be recruited to the mitochondria after 1h of CCCP 
treatment besides the induction of autophagy system (Narendra et al, 2008). The concentration and 
time of the treatment should be optimized depending of the cell type as well as the items to be 
addressed in each specific experiment. Thus, by immunostaining and biochemical methods is 
possible to analyze the subcellular location and interaction of the variety of proteins involve in 
mitophagy/autophagy process.  
Fibroblasts are a good tool for the study of the disease but it should be kept in mind that 
there are several important differences between peripheral cells and neurons. The differences in 
metabolic energy cost exhibited by these cells are substantial (Savage et al, 2007). Epithelial cells 
require a high metabolic rate for the frequent replacement to maintain function, turning over rapidly 
with many cell divisions to replace cells during the lifespan of the organism, but neurons are among 
the most metabolically active cells in the body and require constant maintenance due to the 
complexity of the molecular signaling that have. Fibroblasts reflect cumulative cell damage at the age 
of the patient, but the continuous replacement of these cells ameliorates the possible failure 
generated by the pathology. Although AD patients does not exhibit severe dermal changes, recently it 
has been published a work where patients with Rosacea, a chronic and potentially life-disruptive 
disorder primarily of the facial skin, have increased risk of dementia (Egeberg et al, 2016).  On the 
other hand, neurons are cells which cannot be replaced and particularly sensitive to oxidative 






maintain cell homeostasis. Therefore, the susceptibility of these cells to proteopathy and oxidative 
stress, as the main features of AD, are determinedly higher than fibroblasts. Additionally, it is 
fundamental to considerate that gene expression profile and their signaling could vary due to the 
differences in the expression of APP and Tau, the proteins involve in AD, in these cell models. 
Although APP is expressed in many tissues and fibroblasts revealed expression of this protein, APP is 
mainly concentrated in AD neurons (Israel et al, 2012). On the other hand, Tau is mostly expressed in 
neuronal and glial cells but it is also present in non-neural cells such as fibroblasts and lymphocytes 
(Ingelson et al, 1996; Rossi et al, 2008; Thurston et al, 1996). Contrary to these works, we could not 
report protein expression of Tau in our cell lines, therefore the difference between our fibroblast and 
neural models is the presence of Tau. We could observe that Tau plays an important role in the 
reclycling of mitochondria and its overexpression in fibroblasts reflects a similar failure obtained in 
FAD and SAD models. Moreover, we need to highlight that when Tau was present in each model, 
either by overexpression or in neurons derived from FAD1-iPSCs or in AD brain, the defect in 
mitophagy was increased reflected in a major accumulation of dysfunctional mitochondria. 
Therefore, we may conclude that Tau is a pivotal protein in mitophagy failure walking together with 
the deregulation pattern of several proteins involved in the process.  
Although fibroblasts and neurons exhibit basic differences in their biology we could 
recapitulate the mitophagy impairment in these two cells types in both FAD and SAD pathology.  
2. Opportunities and limitations of modelling Alzheimer 
disease with induced pluripotent stem cells 
The ability to generate patient-specific iPSCs through reprogramming of somatic cells and 
their subsequent differentiation into neuronal cell types, have boosted the investigation regarding 
the etiology of human neurodegenerative diseases, such as AD. While human iPSCs certainly provide 
great opportunities to repeatedly interrogate specific human brain cell types of individuals with 
familial and sporadic forms of the disease, the complex etiology and timescale over which AD 
develops in humans poses particular challenges to iPSC-based AD models. 
Literature indicates that most of the iPSC-AD studies are limited and larger cohorts of iPSCs 
from AD patients are being generated worldwide through various consortia, industry or iPSC banks. 
New York Stem Cell Foundation (NYSCF) research is focused on the modeling of different diseases and 
the development of cell therapies. This research center houses the platform “The NYSCF Global Stem 
Cell Array”, a new technology platform that, for the first time, creates and manipulates stem cell lines 
in a massively parallel process using automation. The NYSCF Alzheimer's disease team is developing 
a massive collection of iPSC lines on this platform from hundreds of Alzheimer patients’ skin samples. 
The Array fully automates the generation of standardized iPSC that can be used to study Alzheimer 






general range for the iPSC line generation is $5,000 - $40,000 based on reprogramming method and 
specifications.  
We need to take into account the advantages and limitations that iPSC model system 
demonstrates. There is evidence that iPSCs, even from the same individual, can vary in terms of DNA 
mutation load (Gore et al, 2011), gene expression (Schondorf et al, 2014) and epigenetic signatures 
(Bock et al, 2011; Kim et al, 2010), often resulting in differences that may affect their propensity to 
differentiate into particular cell types (Nazor et al, 2012). Some of the variability appears to be driven 
by the method chosen to reprogram the somatic cells (non-integrating methods showing the least 
variability (Hartjes et al, 2014; Ma et al, 2014)), allelic variation (Lo et al, 2003), the age and type of 
cells used for reprogramming (Polo et al, 2010) and the culture time and method used to expand iPSC 
following establishment (Wutz, 2012). Moreover, the choice of the appropriate control for 
comparative studies of human samples is not a trivial one. Unaffected relative or parental control 
samples are preferable but these are not always available or come from family members of different 
age or gender and different genetic backgrounds. On the other hand, iPSCs are amenable to 
manipulation and genome editing while maintaining genome stability (Zhang et al, 2014). A variety 
of gene-editing techniques, such as zinc-finger nucleases  (Carroll, 2011), transcription activator-like 
effector nucleases (Woodruff et al, 2013), and the clustered regularly interspaced short palindromic 
repeat/Cas9 RNA-guided nuclease system (Paquet et al, 2016; Shalem et al, 2014) have been 
developed to facilitate investigation of specific genes and their functions. The advantage of isogenic 
lines is that only the disease-associated difference is studied, as the genetic background of the lines 
should be identical. Therefore, it seems advisable to both correct the mutation of interest in a 
patient-derived cell line, while in parallel introducing it in a control line. Therefore, genome editing 
will be an important strategy to minimize the effect of background variations in human iPS cell-
derived lines. Neural cells differentiated from iPSC lines with SAD backgrounds can display a number 
of AD-like phenotypes that can be characterized in vitro and represent an improvement of the 
knowledge of this AD phenotype. However, due to SAD may result from a combinatorial effect of 
genetic and non-genetic risk factors, the lack of a defined mutation makes difficult the generation of 
isogenic iPSC lines from SAD and control patients. The large scale analysis developed by human 
genome wide association studies (GWAS) have allowed the identification of AD markers that can 
predict disease risk and age onset. There is a recent study focused in iPSC derived from patients with 
SAD-associated variants in the SORL1 gene, which encodes a protein involved in endocytic 
trafficking, whose loss of expression has been reported in AD brains (Young et al, 2015). Therefore, 
the increased feasibility of genome editing in iPSCs will be relevant to elucidate the roles of SAD risk 
genetic variants in iPSC-derived neural models. Additionally, although it is difficult to be able to 
artificially recreate such a complex three-dimensional tissue as the human brain, iPSC technology is 
well suited to study paracrine interactions in the dish through the co-cultured of neurons from 






Glutamatergic and basal forebrain cholinergic neurons in the cerebral cortex and the 
hippocampus are thought to be cells that are affected at early stages and lost during AD pathogenesis 
(Braak & Braak, 1994). Thank to iPSC technology we have generated glutamatergic cortical forebrain 
neurons as most iPSC-AD modelling studies, that employed either embryoid body/neurosphere or 
small molecule-based neuronal differentiation protocols (Israel et al, 2012; Sproul et al, 2014). These   
iPSC-derived neurons from patient with the familiar etiology have reproduced the mitochondrial 
recycling failure observed in FAD1 fibroblasts. However, the development of protocols that allow the 
generation of specific and relevant cell types, such as basal forebrain cholinergic neurons are 
necessary. Additionally, protocols that mimic or accelerate the maturation and “ageing” processes 
are also fundamental to decipher the gene-regulatory networks involved in the disease. 
Finally, several studies reported the direct conversion or transdifferentiation of fibroblasts to 
neurons avoiding the pluripotent stage. It has been described that three neurodevelopmental factors, 
Brn2, Ascl1 and Myth1l, directly converted fibroblasts into neuronal cells, called induced neurons 
(iNs) (Vierbuchen et al, 2010). From this publication, it has appeared a collection of papers where the 
protocol has improved facilitating the conversion of fibroblasts into neuronal cells by using small 
molecules and also was reported for AD patients’ fibroblasts (Hu et al, 2015). Although the results 
have not been presented in this manuscript, we first tried to carry out the transdifferentiation in our 
cell lines due to this technology may seem easier. We tried the original protocol (Vierbuchen et al, 
2010) using the human analogs of the mentioned genes but, in our hands we could not reproduce 
successfully the results previously reported. Additionaly we tried the protocol described by Ladewig 
et al (2012) in which a combination of small molecules (SB-431542, Noggin and CHIR-99021) and 
two neuronal gene factors (Ascl1 and Ngn2) were used. In this case, we could obtain neuron-like cells 
that showed expression for mature neuron markers such as Tau, calbindin and NSE, but we could not 
achieve electric function in these cells. In our experience, transdifferentiation compared to iPSCs 
derived neurons is less efficient, poorly reproducible and the phenotype obtained is not always 
mature neurons with electric activity. 
3. Implication of PSEN1 Ala246Glu mutation in the 
mitochondrial recycling failure 
Presenilins are ubiquitously detected in many human tissues, including brain, heart, kidney 
and muscle (Lee et al, 1996). Moreover, it has described high levels of PSEN1 mRNA in both skin 
fibroblasts and brains from AD patients (Ikeda et al, 2000). Presenilin mutations are the main cause 
of autosomal-dominant FAD. Moreover, mutations in the PSEN1 gene, located on chromosome 14, 
occur most frequently in FAD (Cruts et al, 1998; Sherrington et al, 1995). Familial models bring the 
opportunity to characterize the pathology working with a specific mutation. We have focused our 






typical phenotypes of AD with complete penetrance. PSEN1 A246E is reported to induce elevation of 
Aβ42 in human plasma, patient-derived fibroblasts, forced-expressed cells and showing strong 
toxicity in mice (Borchelt et al, 1996).  
We have analyzed the mitochondrial recycling process in fibroblasts from FAD patients 
carrying the mutation FAD1: PSEN1 Ala246Glu. The aim was to compare the results obtained in 
peripheral cells with a human neural model generated from iPSC harboring the same FAD1 mutation. 
We have demonstrated a deregulation of autophagy as a result of a reduction of degradation phase in 
both FAD1 fibroblasts and iPSC-derived neurons. This may be caused by an impaired fusion of the 
autophagic vesicles with lysosome or inhibition of lysosomal function. Consistently, we could observe 
that the acidification of lysosomes in FAD1 fibroblasts was diminished correlating with the lysosome 
acidification deficiency reported by Lee et al. (2010). In mentioned work, PSEN1 was demonstrated 
to act as chaperone protein that facilitates the N-glycosylation of V-ATPase subunit V0a1, which help 
V-ATPase traffic to lysosome and complete lysosome acidification. Furthermore, the accumulation of 
autophagic vesicles has been observed in dystrophic neurites around the amyloid plaques for 
decades. Likewise, the accumulation of p62 has been observed in neuronal and glial ubiquitin-
containing inclusions (Kuusisto et al, 2001) as well as in neurofibrillary tangles (Kuusisto et al, 2002) 
in AD brain. Therefore, all these results together demonstrate that PSEN1 mutations impair 
degradative phase of autophagy.  
The study of mitophagy after a mitochondrial insult indicates that this process is severely 
affected due to the mitochondrial accumulation exhibited in both fibroblasts and iPSC-derived 
neurons from FAD1 patients (See final model Fig. 60). These two cell types showed a correct FL-
PINK1 stabilization and PARK2 recruitment to mitochondria but, due to the degradation phase 
deficiency described before, there is an accumulation of damaged mitochondria which are not able to 
be recycled by mitophagy. This results correlate with the increased mitochondria in AVs, previously 
reported in pyramidal neurons from AD patients suggesting a mitophagy alteration (Moreira et al, 
2007b; Moreira et al, 2007c), as well as the PARK2/PINK1 accumulation observed. It is well known 
the accumulation of PINK1 and PARK2 in depolarized mitochondria to be degraded by autophagy 
(Narendra et al, 2010b; Tanaka, 2010). Moreover, PARK2 accumulation could be due to a proteasome 
degradation system saturation as a result of the autophagy impairment (Yamano et al, 2016). 
Additionally, we observed that FAD1 fibroblasts revealed lower levels of PINK1. It has been 
previously described that deficiency of PINK1 is a fundamental mechanism leading to accumulation 
of depolarized mitochondria (Bueno et al, 2015), therefore lower PINK1 expression in fibroblasts can 
contribute to a diminish targeting of dysfunctional mitochondria to be recycled by mitophagy. 
Conversely, in FAD1-iPSCs derived neurons the accumulation of mitochondria and PARK2 is 
substantially higher hence is logical to expect an additional accumulation of PINK1 stabilized in those 






On the other hand, it is relevant to remark a different role of presenilins in autophagy system. 
Presenilins mutations, including PSEN1 Ala246Glu, have been reported to cause abnormal 
intracellular calcium signaling promoting the release of Ca2+ from overloaded endoplasmic reticulum 
stores through inositol triphosphate receptor (IP3R) (Ito et al, 1994). It has described that PSEN1 
Ala246Glu enhances gating of the IP3R Ca2+ release channel by a gain of function effect, and is 
independent of the secretase function of PSEN1 (Cheung et al, 2010). Mutant PSEN1 enhances single 
channel activity of the IP3R by affecting modal gating kinetics, the major mechanism by which IP3 
and Ca2+ regulate the channel (Ionescu et al, 2007). This is important because autophagy appears to 
be directly dependent on the levels of endoplasmic reticulum’s Ca2+ and on the activity of IP3R. 
According to this, lysosomal fusion depends on both luminal acidification and local lysosomal Ca2+ 
release (Luzio et al, 2007; Saftig & Klumperman, 2009). It has described that PSEN1 deficient cells 
exhibited decreased Ca2+ storage in degradative organelles besides a significantly decreased 
lysosomal Ca2+ release demonstrating a cell type-independent function for PSEN1 in lysosomal Ca2+ 
homeostasis. The accumulation of AVs observed in FAD could be interpreted by PSEN1-related 
calcium abnormality promoting the consequent defect in lysosomal fusion and protein clearance 
(Coen et al, 2012). Moreover, neurons are more sensitive than fibroblasts to deregulation of Ca2+ 
levels, being an additional explanation for the preferential toxicity in this cell type.     
With respect to our FAD study, although we only could work with a couple of healthy/FAD1 
age- and sex-matched samples of fibroblast and iPS-derived neurons and further studies with more 
patients are needed, we have demonstrated for the first time a problem in mitochondrial recycling by 
mitophagy that correlates with previously described alterations in lysosomal function (Coen et al, 
2012; Lee et al, 2010; Neely et al, 2011). Moreover, we have recapitulated the mitochondrial 
recycling impairment showed in FAD1 fibroblasts in iPSC-derived neurons. In conclusion, our 
findings demonstrate that FAD1 iPSC-derived neurons are a valid model for the study of mitophagy 
impairment in AD.     
4. APP and Tau contribution in mitophagy.  
Extensive literature exists supporting a role of mitochondrial dysfunction and oxidative 
damage in the early AD pathogenesis (Moreira et al, 2006; Nunomura et al, 2001). There are strong 
indications that oxidative stress occurs prior to the onset of symptoms in AD and oxidative damage is 
found not only in the vulnerable regions of the brain affected in the disease (Casadesus et al, 2007; 
Nunomura et al, 2001) but also in peripheral cells (Moreira et al, 2007a). Mitochondrial function is 
regulated by autophagy and, for this porpose, segregation of damaged mitochondria depends on 
fission and fusion events that are altered in AD. It has been described an abnormal interaction of Aβ 
monomers and oligomers as well as hyperphosphorylated Tau with the mitochondrial fission protein 






(Manczak et al, 2011). In addition, the microtubule-directed traffic is a main player in the regulation 
of autophagy. Altered microtubule assembly impairs microtubule-dependent mitochondrial and 
autophagosomal transport toward lysosomes (Arduino et al, 2013). It is known that Aβ induces a 
reduction in motile mitochondria (Rui et al, 2006) and hyperphosphorylated Tau may block the 
transport of mitochondria and may disrupt the microtubule network trafficking leading to energy 
deprivation and oxidative stress (Stamer et al, 2002). Autophagy plays a fundamental role in 
neuronal function and is intensively involved in AD-related protein aggregation (Nixon et al, 2005) 
but little is known about the implication of APP and Tau in mitophagy dysfunction.  
We have analyzed the mitochondrial recycling process by the overexpression of APP and Tau 
in a human line of fibroblasts (See final model Fig. 60). We have demonstrated that overexpression 
of both APP and Tau proteins generates an activation of autophagy flux revealed by the enhanced 
activity of the autophagy degradation phase correlating with higher lysosomal activity. It might be 
reasonable to speculate that the boosting of autophagy flux may be a consequence of the proteotoxic 
stress generated by the overexpression of APP and Tau which are prone to aggregate 
(Bandyopadhyay et al, 2007; Spires et al, 2005). Further studies are needed regarding the increased 
autophagy degradation to discard a possible artefact of protein overexpression (Lamark & Johansen, 
2012).  
The study of mitochondrial recycling process revealed an increased mitochondrial content 
suggesting a compromised mitophagy in both APP and APP/Tau-expressing cells. Although we have 
demonstrated the same defect in both cases there are some differences. In the case of APP-expressing 
cells, we hypothesize that increased levels of PARK2 and PINK1 could be explain as an attempt to 
increase the mitochondrial recycling system. However, the diminished targeting of PARK2 and PINK1 
to mitochondria may reflect either an improvement of the recycling of mitochondria by the increased 
degradation phase of autophagy observed or an insufficient labelling of depolarized mitochondria to 
be degraded. In this regard, enhanced levels of Δ1-PINK1 may play an inhibitory effect over PARK2 
mitochondrial translocation contributing to defective label of damage mitochondria (Fedorowicz et 
al, 2014). Nevertheless, the study of mitochondrial ΔΨm recovery after CCCP insult indicates that a 
main part of mitochondria are able to be recycled properly although not as efficiently as control cells 
what may explain the slight accumulation of mitochondria, FL-PINK and PARK2. On the other hand, 
APP/Tau-expressing cells exhibited a dramatic accumulation of PINK1 in mitochondria after an 
insult but the recruitment of PARK2 to the mitochondria was decreased resulting in a defective 
labeling of damaged mitochondria demonstrating a deficient crosstalk between these two proteins. 
This resulted in a deficient mitochondrial ΔΨm recovery after CCCP challenge correlating with an 
major accumulation of mitochondria. According to our results, it has been recently described that 
Tau accumulation may induce mitophagy deficits by reducing level of PARK2 in the mitochondrial 
fraction (Hu et al, 2016). Moreover, increased levels of Δ1-PINK1 may also contribute to this deficit in 






worsening of mitophagy failure due to the presence of Tau. This can be related with two factors. 
First, the deterioration of mitochondrial function caused by the deregulation of mitochondrial 
respiratory chain complexes V and I (David et al, 2005; Schulz et al, 2012) as well as by the block of 
mitochondrial pores through VDAC1 interaction (Manczak & Reddy, 2012). And secondly, the 
mitochondrial dynamics alteration by Tau interaction with the fission protein DLP1 (Manczak et al, 
2011) accompanied with the interference of mitochondrial axonal transport by competition with 
their binding site to microtubules (Hagiwara et al, 1994). 
 In summary, we have demonstrate that the presence of Tau aggravates the defect showed by 
APP overexpression leading to a clear mitophagy failure showed by unachievable recovery of 
mitochondrial membrane potential after an insult that results in the accumulation of dysfunctional 
mitochondria labeled by PINK1.  
We have been able to demonstrate mitophagy impairment by overexpression of the two 
proteins mainly involved in AD. Although this is a good proof of concept and may help to understand 
the mechanisms involved in this pathology, this is only the simplest model and putative artifacts 
generated by supraphysiological expression levels need to be ruled out. Therefore it is crucial to 
validate these findings in more physiological models of the disease as well as in patients’ brain. With 
this aim, unmodified human skin fibroblasts and brain samples of sporadic AD patients have been 
used. Sporadic AD is not only the most prevalent form of this dementia but also is closely related to 
the accumulation of Aβ plaques derived from APP and neurofibrillary tangles generated by Tau. 
5. Mitophagy failure in sporadic AD.  
The majority of AD cases occur sporadically. SAD is a multifactorial neurodegenerative 
disorder arising from a number of different, but related biological alterations that contribute to the 
pathogenesis of the disease. In addition to the molecular, structural, and functional changes exhibited 
in AD patients, the individual differences in genetic background, environmental stimuli, lifestyle, and 
other risk factors potentially contribute to the pathology development (Stozicka et al, 2007).  Several 
genes involved in various metabolic pathways were presented as the genetic risk factors in SAD. The 
majority of these genes may influence the vulnerability of the central nerve system without direct 
impact on the primary causes of AD (Stozicka et al, 2007).  
Findings from recent AD genetic studies suggest that mitochondrial defects may play an 
important role in SAD progression, and that mitochondrial abnormalities and oxidative damage may 
play a significant role to initiate the disease (Reddy & Beal, 2005). The “mitochondrial cascade 
hypothesis” could explain many of the biochemical, genetic, and pathological features of sporadic AD 
(Swerdlow & Khan, 2004). Somatic mutations in mtDNA could cause energy failure, increased 
oxidative stress, and accumulation of Aβ, which in a vicious cycle reinforce the mtDNA damage and 






brain aging research, provides insight into late-onset AD epidemiology and phenotype studies, and 
explains biochemical and physiologic changes that occur outside the AD brain. 
Taking into account the mitochondrial relevance in SAD, we have analyzed the mitochondrial 
recycling process in fibroblasts from SAD patients and have validated the mitophagy impairment in 
brains from AD patients (See final model Fig. 60). We have demonstrated that mitochondrial 
function was compromised due to the lack of membrane potential and ATP homeostasis recovery 
after the reversible treatment with CCCP suggesting an inefficient recycling of damaged mitochondria 
by autophagy in SAD fibroblasts. Accordingly, SAD cells showed a deficiency in autophagy induction 
and the accumulation of oxidized and ubiquitinated proteins. The absence of significant differences 
in BECN1 levels in SAD samples may be explained because autophagy can also occur independently 
of BECN1 (Chu et al, 2007; Zhu et al, 2007). Lysosomal anomalies have been also found in our SAD 
samples. We assume a reduction in the amount of lysosomes reflected by the diminished levels of 
LAMP1 and Cathepsin B proteins. However, we hypothesize that these lysosomes have a more acidic 
pH which correlates with enhanced Cathepsin B activity. In fact, it was previously described that 
lysosomal Cathepsin B exopeptidase activity is increased as the pH decreases (Polgar & Csoma, 
1987). Despite these anomalies, the lack of significant differences in the degradative phase of 
autophagy together with the active degradation of proteins mediated by autophagy such as p62 as 
well as similar rates of autophagosomes/lysosomes fusion, indicate that these lysosomes may be 
functional and suggest that the altered properties may be a consequence of autophagy failure. SAD 
fibroblasts demonstrated a failure in the induction of autophagy, meanwhile FAD1 fibroblasts 
showed a defective degradative phase of autophagy. These divergent phenotypes observed in SAD 
and FAD1 fibroblasts suggest different mechanisms for a common final failure in autophagy process. 
The study of mitophagy after a mitochondrial insult indicates that this process is severely 
affected in SAD fibroblasts. Upon mitochondrial depolarization, although there is a correct 
stabilization and auto-phosphorylation of PINK1, there is not a proper PARK2 activation. This may be 
due to the lower levels of PARK2 and its inhibition mediated the sequestration of cytosolic PARK2 by 
Δ1-PINK1. Accordingly, it has been described that  defects  in PARK2 recruitment correlates with 
declining ATP levels after the treatment with CCCP, such as we have observed for SAD samples, 
suggesting that CCCP-induced PARK2 mitochondrial translocation is ATP-sensitive (Lee et al, 2015). 
The deficient PARK2 recruitment to mitochondria in our SAD samples caused the accumulation of 
damaged mitochondria, reflected in the increase of FL- and phosphorylated-PINK1 and diminished 
phosphorylated-PARK2, emphasizing the deficiency in the crosstalk between PINK1 and PARK2. 
Furthermore, the defect in mitochondrial recycling may explain the accumulation of oxidized 
proteins observed. The situation observed in SAD fibroblasts was similar to what can be found in 
hippocampus from AD patients at early stages of the disease where we observed accumulation of 
both FL- and Δ1-PINK1 accompanied by abnormally increased mitochondrial content due to an 






failure may play an important role in the onset of the disease. At latest stages of the disease the 
increase of PARK2 may correlate with recently published results in which accumulation of insoluble 
PARK2 with intraneuronal Aβ and phospho-Tau was detected in autophagosomes in AD brains 
reflecting an autophagy failure (Lonskaya et al, 2013). Moreover, the upregulation of PARK2 in these 
patients’ brain has been suggested as a defense mechanism to counteract stress-induced damage in 
AD pathogenesis (Witte et al, 2009). Our findings demonstrate that SAD fibroblasts are a suitable 
model for the study of this dementia because they recapitulate similar alterations in mitophagy 
process to what it can be observed in patients’ brain. 
Finally, it is important to highlight that the autophagy and mitophagy failure uncovered in 
SAD samples must be substantially relevant since we have been able to characterize these 
deficiencies in a small collection of fibroblasts from different patients in which we have found similar 
features despite the multifactorial origin of SAD pathology.  
6. Relevance of Autophagy-Mitophagy system in AD  
Protein degradation is critical in cell quality control (Ciechanover, 2005). Disturbances in 
intracellular proteostasis trigger the accumulation of altered proteins and toxic aggregates as Aβ and 
hyperphosphorylated Tau widely recognized hallmarks of AD (Serrano-Pozo et al, 2011) . The major 
consequence of the accumulation of such pathogenic aggregates is the downregulation of proteolytic 
pathways triggering a feed-forward loop that at the end alter essential proteolytic networks. In 
addition, neurons are post-mitotic cells unable to dilute or remove abnormal protein aggregates via 
cell division and therefore are more sensitive to these toxic proteinaceous species compared to 
mitotic cells (Sitte et al, 2000a; Sitte et al, 2000b). 
Mounting evidence has implicated defective autophagy in the pathogenesis of AD. Autophagy 
is considerably involved in amyloid degradation (Yang et al, 2011). Autophagy and the Beclin1–
PIK3C3 complex regulate APP processing in AD (Jaeger et al, 2010). In addition, autophagic vesicles 
have been demonstrated to be an active compartment for Aߚ generation and their abnormal 
accumulation in affected neurons of the AD brain contributes to Aߚ deposition (Yu et al, 2004). 
Inhibition of Aߚ peptide aggregation rescues the autophagic deficits in a model of AD (Lai & 
McLaurin, 2012). On the other hand, the autophagy system plays a role in the clearance of Tau and 
the use of autophagy inhibitors delays Tau degradation favouring the formation of high molecular 
weight species of Tau including oligomers and insoluble aggregates (Hamano et al, 2008). Moreover, 
autophagy stimulation successfully reduces the number of Tau inclusions and improves nerve cell 
survival in a mouse model of human tauopathy (Schaeffer et al, 2012). Additionally, the lysosomal 
hydrolase cathepsin D was shown to degrade Tau proteins in cultured hippocampal slices (Bednarski 






Neurons represent a particularly interesting cell type for mitophagy because they combine 
high demand for mitochondria and high mitochondrial stress with extremely complex cellular 
architecture. Neurons face a unique challenge for mitochondrial turnover because a large fraction of 
the mitochondrial mass resides in distal axonal and dendritic processes, far away from the soma 
where most of the biogenesis is likely to occur and most of the lysosomes are thought to be located 
(Holtzman & Novikoff, 1965). Neuronal autophagy plays a critical role in the maintenance of 
homeostasis in distal axons and rapid elimination of dysfunctional mitochondria is probably critical 
for protection of neurons due to its impairment promotes the accumulation of oxidative damage and 
degeneration (Son et al, 2012). 
Taking into account the “mitochondrial cascade hypothesis” as a primary event in AD, a 
defective elimination of mitochondria could be taken place in the early pathology as we could 
observe (Fig. 53-54). Moreover, accumulation of damage mitochondria release high levels of Ca2+ 
and cytochrome c to the cytosol triggering apoptosis (Parsons & Green, 2010). Several articles have   
described mitophagy impairment in AD. It has been found an increase of autophagic vesicles 
containing mitochondria in pyramidal neurons from AD patients suggesting a mitophagy alteration 
(Moreira et al, 2007b; Moreira et al, 2007c). According to this, PARK2 has been shown to be reduced 
in the cortex of AD brains (Rosen et al, 2010) as we have described for SAD fibroblasts. Moreover, it 
has been shown that Tau accumulation impairs mitophagy reducing mitochondrial PARK2 (Hu et al, 
2016) as well as NH2-truncated human Tau induces deregulated mitophagy in neurons by aberrant 
recruitment of PARK2 (Corsetti et al, 2015). The present work adds new insights to previously 
suggested mitochondrial recycling deregulation in AD by deciphering the mechanisms involved in 
this failure in familial and sporadic forms of the disease as well as the contribution of APP and Tau to 
this pathology. Our results also support “mitochondrial cascade hypothesis” by proposing 
mitochondrial dysfunction as the onset of SAD.   
Along with the autophagy system, the proteasome mediates the degradation of short-lived, 
oxidatively damaged, modified and misfolded proteins both in the cytoplasm and the nucleus (Jung et 
al, 2009). Proteasome plays a crucial role in the processing of proteins involved in the onset of AD 
and its activity is heavily downregulated by protein aggregates in AD neurons (Cecarini et al, 2007; 
Keck et al, 2003). According to this, we also have demonstrated an increased in the ubiquitinated 
proteins suggesting dysfunctional proteasome degradation. Nevertheless, recent advances strongly 
suggest that autophagy/proteasome pathways are carefully orchestrated and some crosstalk 
mechanisms have been suggested (Kraft et al, 2010). In neurodegenerative conditions, when one 
proteolytic system is damaged and shows a reduced functionality, the enhanced activity of the other 
pathway may become a compensatory mechanism necessary to protect neuronal cells against the 
accumulation of toxic species (Ding et al, 2007; Pandey et al, 2007). Therefore, the fine collaboration 
between these two pathways is essential to protein quality control. In our hands, healthy fibroblasts 















er, the contribution of autophagy for the degradation of polyubiquitinated proteins in healthy cells 
was only moderated and the majority was degraded by proteasome. Conversely, proteasome-
mediated degradation flux was enhanced in SAD samples while autophagy was completely blocked 
with respect to PARK2 degradation. This fact closely correlates with the behavior of 
polyubiquitinated protein levels in SAD fibroblasts where there was a null contribution of autophagy 
in degradation while proteasome role was enhanced, probably due to a compensatory mechanism to 
counteract autophagy impairment in SAD cells.  
Finally, although we studied the two distinct types of AD exhibiting different deregulation 
pattern of the mitochondrial recycling process, both SAD and FAD models converge on the same 
mitochondrial problem as is the mitophagy failure. 
7. PARK2: a potential therapeutic target in SAD 
Promoting the clearance of aggregated proteins via pharmacological induction of autophagy 
has proved to be a useful strategy for protecting against the toxic effects of these proteins in a range 
of cell and animal models (Berger et al, 2006; Ravikumar et al, 2002; Rose et al, 2010). In addition, 
mitochondrial biology represents a potentially useful, but relatively unexploited, area of therapeutic 
innovation. Emerging concepts of mitochondrial turnover and dynamics provides the opportunity to 
develop and evaluate mitochondrial based therapies. 
Taking into consideration our results in SAD fibroblasts where PARK2 levels were dimished 
we wanted to evaluate if PARK2 enhancement would be able to reverse the observed mitophagy 
deficiency in fibroblast. The overexpression of wild type PARK2 was able to improve autophagy 
shown in the recovery of autophagic vesicles under basal conditions up to the levels found in healthy 
samples. This improvement was reflected in the clearance of ubiquitinated proteins and the decrease 
of abnormal accumulated mitochondria. Additionally, PARK2 enhancement would exceed the 
inhibitory effect of Δ1 PINK1 and, upon CCCP treatment, PARK2 would be recruited by FL-PINK1 to 
damaged mitochondria leading them to be degraded by mitophagy. Consequently, the levels of PINK1 
were diminished and the ΔΨm was recovered by increasing of autophagy vesicle synthesis. We may 
thus assume that PARK2 overexpression restored autophagy and was able to compensate 
mitochondrial anomalies found in SAD fibroblasts. Previous work has demonstrated that the 
overexpression of PARK2 mediated the clearance of Aβ and phospho-Tau by enhancing autophagy 
and it was able to increase tricarboxylic acid cycle activity suggesting an improvement of 
mitochondrial function as well as a restored synaptic function in a triple transgenic AD mice model 
(Khandelwal et al, 2011; Lonskaya et al, 2013). Additionally, Parkin-induced autophagy facilitated 
clearance of vesicles containing debris and defective mitochondria counteracting oxidative stress and 
preventing mitochondrial dysfunction (Khandelwal et al, 2011). Taking all these evidences together, 






recycling and function, induces Aβ and phospho-Tau clearance and improves synaptic function. In 
this way, elimination of unsalvageable mitochondria prevents excessive intracellular oxidative stress 
and the pathologic accumulation of oxidized macromolecules that may propagate damage and 
interfere with redox signaling mechanisms. The most important point is that the therapeutic capacity 
of PARK2 enhancement that we have demonstrated in sporadic cases highlights not only the 
similarities with FAD but also with other neuropathies such as Parkinson’s disease, where the role of 
PARK2 has been widely demonstrated (Kitada et al, 1998). 
Other strategies for the induction of autophagy as a therapeutic target in AD have been tested 
in animal models for the disease. One of the best characterized autophagy inducer is rapamycin, 
which is already in clinical use for other indications (Cloughesy et al, 2008). In mammalian cells, 
rapamycin inhibits the kinase activity of mTOR by forming a complex with the immunophilin FK506-
binding protein of 12 kDa that binds to and inactivates mTOR, leading to the upregulation of 
autophagy (Caccamo et al, 2010; Spilman et al, 2010). On the other hand, Trehalose a natural 
disaccharide that can be found in animals, plants, and microorganisms induces autophagy via an 
mTOR independent pathway promoting the removal of aggregated proteins in a mouse model of 
human tauopathy (Schaeffer et al, 2012). In addition, Cystatin B deletion, an endogenous inhibitor of 
lysosomal cysteine proteases, can rescue autophagic-lysosomal pathology, reducing abnormal 
accumulations of Aβ peptide, ubiquitinated proteins and other autophagic substrates (Yang et al, 
2011). Latrepirdine, is an antihistamine drug that stimulates mTOR- and ATG5-dependent 
autophagy, leading to the reduction of intracellular levels of APP metabolites, including Aβ (Steele & 
Gandy, 2013). Moreover, scyllo-Inositol is an endogenous inositol stereoisomer known to inhibit 
aggregation and fibril formation of Aβ. It has described that inhibition of Aβ peptide aggregation 
rescues the autophagic deficits by the decrease in the size and number of accumulated autophagic 
vesicles in a mouse model of Alzheimer disease (Lai & McLaurin, 2012).  
To conclude, given the results obtained in this thesis, it must to be taken in consideration that 
autophagy defects in AD can occur at different points of the pathway. We have revealed an 
impairment of autophagosome induction as well as degradation in SAD and FAD, respectively. For 
that reason, every disease case should be carefully studied to determine the origin of autophagy 
failure to adjust the therapeutic approach to each patient problem. Therefore, Alzheimer disease is 





































1. Sporadic and familial AD fibroblasts as well as familial AD iPSC-derived neurons are suitable 
models for the study of mitophagy impairment in Alzheimer disease.  
2. APP overexpression promotes a mitochondrial recycling defect by impairing of PINK1 stabilization 
on mitochondria and the subsequent PARK2 recruitment leading to mitochondrial accumulation.  
3. The addition of Tau to the APP overexpression cellular model exacerbates the mitophagy failure 
promoting an increased accumulation of dysfunctional mitochondria labeled with PINK1.  
4. Patients-derived skin fibroblasts harboring PSEN1 Ala246Glu mutation demonstrate a defect in 
degradation phase of autophagy correlating with lysosomal anomalies, leading to dysfunctional 
mitochondria accumulation consistent with mitophagy impairment.  
5. Neurons derived from Alzheimer disease patients’ iPSC harboring PSEN1 Ala246Glu mutation 
demonstrate an exacerbation of mitophagy failure leading to increased mitochondrial accumulation 
together with augmented PINK1 and PARK2 levels.  
6. Fibroblasts derived from sporadic Alzheimer patients exhibit alterations in mitochondrial 
dynamics and function. This is accompanied by a deficiency in autophagy induction together with a 
defective labeling of mitochondria to be degraded by mitophagy due to decreased levels of PARK2, 
leading to the accumulation of dysfunctional mitochondria as well as oxidized and ubiquitinated 
proteins.  
7. Brains from Alzheimer disease patients show similar but aggravated mitophagy impairment 
exhibited by sporadic Alzheimer disease fibroblasts reflected in major accumulation of PINK1 and 
mitochondrial content especially at early stages of the disease.  
8. Neuronal models display an enhanced mitophagy failure compared to peripheral cells pattern in 
both sporadic and familial Alzheimer forms of the disease.   
9. PARK2 overexpression recover mitochondrial dynamics and functional defect besides autophagy 
and mitochondrial recycling failure revealed by sporadic Alzheimer disease fibroblasts, 
demonstrating that autophagy induction could be a relevant therapeutic strategy for Alzheimer 
disease.  
10. Mitochondrial recycling impairment is a common defect over all sporadic and familial Alzheimer 













1. Los fibroblastos de pacientes tanto con la forma esporádica como familiar de la enfermedad de 
Alzheimer así como las neuronas derivadas de iPSC procedentes de pacientes de Alzheimer familiar 
son modelos adecuados para el estudio del defecto en mitofagia en dicha patología.  
2. La sobreexpresión de APP promueve un fallo en el reciclaje mitocondrial debido a un impedimento 
de la estabilización de PINK1 en la mitocondria y la consiguiente translocación de PARK2 que 
provoca la acumulación de mitocondrias.  
3. La adición de Tau al modelo celular de sobreexpresión de APP agrava el fallo en mitofagia 
promoviendo un aumento de la acumulación de mitocondrias no funcionales marcadas con PINK1. 
4. Los fibroblastos de la piel derivados de pacientes portadores de la mutación PSEN1 Ala246Glu 
presentan un defecto en la fase degradativa de la autofagia en correlación con anomalías lisosomales 
que conducen a la acumulación de mitocondrias no funcionales consecuente con el fallo en mitofagia. 
5. Las neuronas derivadas de iPSC de pacientes de Alzheimer portadores de la mutación PSEN1 
Ala246Glu muestran una exacerbación de la deficiencia en mitofagia lo que causa una mayor 
acumulación mitocondrial, junto con el aumento de los niveles de PINK1 y PARK2. 
6. Los fibroblastos derivados de pacientes con la forma esporádica de la enfermedad de Alzheimer 
manifiestan alteraciones en la dinámica y la función mitocondrial. Esto va acompañado de una 
inducción de autofagia deficiente junto con un marcaje defectuoso de las mitocondrias que van a ser 
degradadas por mitofagia como consecuencia de la disminución de los niveles de PARK2, lo que 
favorece la acumulación de mitocondrias  no funcionales, así como de proteínas oxidadas y 
ubiquitinadas. 
7. Los cerebros de pacientes de la enfermedad de Alzheimer muestran un deterioro en mitofagia 
similar, pero agravado, del presentado por los fibroblastos de la enfermedad de Alzheimer 
esporádica, lo que se refleja en una mayor acumulación de PINK1 y del contenido mitocondrial, 
especialmente en las etapas tempranas de la enfermedad. 
8. Los modelos neuronales muestran un fallo en autofagia exacerbado en comparación con el patrón 
mostrado por las células periféricas en ambas formas, esporádica y familiar, de la enfermedad de 
Alzheimer. 
9. La sobreexpresión de PARK2 recupera la dinámica mitocondrial y el defecto funcional además del 
fallo en autofagia y reciclaje mitocondrial mostrado por los fibroblastos con la forma esporádica de 
Alzheimer, lo que demuestra que la inducción de la autofagia podría ser una estrategia terapéutica 
relevante para la enfermedad de Alzheimer. 
10. El fallo en el reciclaje mitocondrial es un defecto común en todos los modelos, tanto esporádicos 
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